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Preface 



This practical book provides a detailed examination of the detection, location and diagnosis of faults in 
rotating and reciprocating machinery using vibration analysis. The basics and underlying physics of 
vibration signals are first examined. The acquisition and processing of signals are then reviewed 
followed by a discussion of machinery fault diagnosis using vibration analysis. Hereafter the important 
issue of rectifying faults that have been identified using vibration analysis is covered. The book is 
concluded by a review of the other techniques of predictive maintenance such as oil and particle 
analysis, ultrasound and infrared thermography. The latest approaches and equipment used together 
with current research techniques in vibration analysis are also highlighted in the text. 

We would hope that you will gain the following from this book: 

• An understanding of the basics of vibration measurement 

• The basics of signal analysis 

• Understanding the measurement procedures and the characteristics of vibration signals 

• Ability to use Data Acquisition equipment for vibration signals 

• How to apply vibration analysis for different machinery faults 

• How to apply specific techniques for pumps, compressors, engines, turbines and motors 

• How to apply vibration based fault detection and diagnostic techniques 

• The ability to diagnose simple machinery related problems with vibration analysis 
techniques 

• How to apply advanced signal processing techniques and tools to vibration analysis 

• How to detect, locate and diagnose faults in rotating and reciprocating machinery using 
vibration analysis techniques 

• Ability to identify conditions of resonance and be able to rectify these problems 

• How to apply basic allied predictive techniques such as oil analysis, thermography, 
ultrasonics and performance evaluation. 

Typical people who will find this book useful include: 

• Instrumentation & Control Engineers 

• Maintenance Engineers 

• Mechanical Engineers & Technicians 

• Control Technicians 

• Electrical Engineers 

• Electricians 

• Maintenance Engineers & Technicians 

• Process Engineers 

• Consulting Engineers 

• Automation Engineers. 
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Predictive maintenance 
techniques: Part 1 



Predictive maintenance basics 



1.1 Maintenance philosophies 

If we were to do a survey of the maintenance philosophies employed by different process 
plants, we would notice quite a bit of similarity despite the vast variations in the nature of 
their operations. These maintenance philosophies can usually be divided into four 
different categories: 

• Breakdown or run to failure maintenance 

• Preventive or time -based maintenance 

• Predictive or condition-based maintenance 

• Proactive or prevention maintenance. 

These categories are briefly described in Figure 1.1. 



1.1.1 Breakdown or run to failure maintenance 

The basic philosophy behind breakdown maintenance is to allow the machinery to run to 
failure and only repair or replace damaged components just before or when the equipment 
comes to a complete stop. This approach works well if equipment shutdowns do not 
affect production and if labor and material costs do not matter. 

The disadvantage is that the maintenance department perpetually operates in an 
unplanned ‘crisis management’ mode. When unexpected production interruptions occur, 
the maintenance activities require a large inventory of spare parts to react immediately. 
Without a doubt, it is the most inefficient way to maintain a production facility. Futile 
attempts are made to reduce costs by purchasing cheaper spare parts and hiring casual 
labor that further aggravates the problem. 

The personnel generally have a low morale in such cases as they tend to be overworked, 
arriving at work each day to be confronted with a long list of unfinished work and a set of 
new emergency jobs that occurred overnight. 
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Breakdown maintenance 



Condition-based 

maintenance based on known condition 




Each one determines 
the maintenance plan 




Proactive maintenance 




Design out 

Identify and design out root cause of failures 



Fixed time 

Maintenance based on calender or runtime hours 
Figure 1.1 

Maintenance Philosophies 



Despite the many technical advances in the modem era, it is still not uncommon to find 
production plants that operate with this maintenance philosophy. 



1 .1 .2 Preventive or time-based maintenance 

The philosophy behind preventive maintenance is to schedule maintenance activities at 
predetermined time intervals, based on calendar days or runtime hours of machines. Here 
the repair or replacement of damaged equipment is carried out before obvious problems 
occur. This is a good approach for equipment that does not run continuously, and where 
the personnel have enough skill, knowledge and time to perform the preventive 
maintenance work. 

The main disadvantage is that scheduled maintenance can result in performing 
maintenance tasks too early or too late. Equipment would be taken out for overhaul at a 
certain number of running hours. It is possible that, without any evidence of functional 
failure, components are replaced when there is still some residual life left in them. It is 
therefore quite possible that reduced production could occur due to unnecessary 
maintenance. In many cases, there is also a possibility of diminished performance due to 
incorrect repair methods. In some cases, perfectly good machines are disassembled, their 
good parts removed and discarded, and new parts are improperly installed with 
troublesome results. 
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1.1.3 Predictive or condition-based maintenance 

This philosophy consists of scheduling maintenance activities only when a functional 
failure is detected. 

Mechanical and operational conditions are periodically monitored, and when unhealthy 
trends are detected, the troublesome parts in the machine are identified and scheduled for 
maintenance. The machine would then be shut down at a time when it is most convenient, 
and the damaged components would be replaced. If left unattended, these failures could 
result in costly secondary failures. 

One of the advantages of this approach is that the maintenance events can be scheduled 
in an orderly fashion. It allows for some lead-time to purchase parts for the necessary 
repair work and thus reducing the need for a large inventory of spares. Since maintenance 
work is only performed when needed, there is also a possible increase in production 
capacity. 

A possible disadvantage is that maintenance work may actually increase due to an 
incorrect assessment of the deterioration of machines. To hack the unhealthy trends in 
vibration, temperature or lubrication requires the facility to acquire specialized equipment 
to monitor these parameters and provide training to personnel (or hire skilled personnel). 
The alternative is to outsource this task to a knowledgeable contractor to perform the 
machine-monitoring duties. 

If an organisation had been running with a breakdown or preventive maintenance 
philosophy, the production team and maintenance management must both conform to this 
new philosophy. 

It is very important that the management supports the maintenance department by 
providing the necessary equipment along with adequate training for the personnel. The 
personnel should be given enough time to collect the necessary data and be permitted to 
shut down the machinery when problems are identified. 

1.1.4 Proactive or prevention maintenance 

This philosophy lays primary emphasis on tracing all failures to their root cause. Each 
failure is analyzed and proactive measures are taken to ensure that they are not repeated. 
It utilizes all of the predictive/preventive maintenance techniques discussed above in 
conjunction with root cause failure analysis (RCFA). RCFA detects and pinpoints the 
problems that cause defects. It ensures that appropriate installation and repair techniques 
are adopted and implemented. It may also highlight the need for redesign or modification 
of equipment to avoid recurrence of such problems. 

As in the predictive -based program, it is possible to schedule maintenance repairs on 
equipment in an orderly fashion, but additional efforts are required to provide 
improvements to reduce or eliminate potential problems from occurring repeatedly. 

Again, the orderly scheduling of maintenance allows lead-time to purchase parts for the 
necessary repairs. This reduces the need for a large spare parts inventory, because 
maintenance work is only performed when it is required. Additional efforts are made to 
thoroughly investigate the cause of the failure and to determine ways to improve the reliability 
of the machine. All of these aspects lead to a substantial increase in production capacity. 

The disadvantage is that extremely knowledgeable employees in preventive, predictive 
and prevention/proactive maintenance practices are required. It is also possible that the 
work may require outsourcing to knowledgeable contractors who will have to work 
closely with the maintenance personnel in the RCFA phase. Proactive maintenance also 
requires procurement of specialized equipment and properly trained personnel to perform 
all these duties. 
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1.2 Evolution of maintenance philosophies 

Machinery maintenance in industry has evolved from breakdown maintenance to time- 
based preventive maintenance. Presently, the predictive and proactive maintenance 
philosophies are the most popular. 

Breakdown maintenance was practiced in the early days of production technology and 
was reactive in nature. Equipment was allowed to run until a functional failure occurred. 
Secondary damage was often observed along with a primary failure. 

This led to time -based maintenance, also called preventive maintenance. In this case, 
equipment was taken out of production for overhaul after completing a certain number of 
running hours, even if there was no evidence of a functional failure. The drawback of this 
system was that machinery components were being replaced even when there was still 
some functional lifetime left in them. This approach unfortunately could not assist to 
reduce maintenance costs. 

Due to the high maintenance costs when using preventive maintenance, an approach to 
rather schedule the maintenance or overhaul of equipment based on the condition of the 
equipment was needed. This led to the evolution of predictive maintenance and its 
underlying techniques. 

Predictive maintenance requires continuous monitoring of equipment to detect and 
diagnose defects. Only when a defect is detected, the maintenance work is planned and 
executed. 

Today, predictive maintenance has reached a sophisticated level in industry. Till the 
early 1980s, justification spreadsheets were used in order to obtain approvals for 
condition-based maintenance programs. Luckily, this is no longer the case. 

The advantages of predictive maintenance are accepted in industry today, because the 
tangible benefits in terms of early warnings about mechanical and structural problems in 
machinery are clear. The method is now seen as an essential detection and diagnosis tool 
that has a certain impact in reducing maintenance costs, operational vs repair downtime 
and inventory hold-up. 

In the continuous process industry, such as oil and gas, power generation, steel, paper, 
cement, petrochemicals, textiles, aluminum and others, the penalties of even a small 
amount of downtime are immense. It is in these cases that the adoption of the predictive 
maintenance is required above all. 

Through the years, predictive maintenance has helped improve productivity, product 
quality, profitability and overall effectiveness of manufacturing plants. 

Predictive maintenance in the actual sense is a philosophy - an attitude that uses the 
actual operating conditions of the plant equipment and systems to optimize the total plant 
operation. 

It is generally observed that manufacturers embarking upon a predictive maintenance 
program become more aware of the specific equipment problems and subsequently try to 
identify the root causes of failures. This tendency led to an evolved kind of maintenance 
called proactive maintenance. 

In this case, the maintenance departments take additional time to carry out precision 
balancing, more accurate alignments, detune resonating pipes, adhere strictly to oil 
check/change schedules, etc. This ensures that they eliminate the causes that may give 
rise to defects in their equipment in the future. 

This evolution in maintenance philosophy has brought about longer equipment life, 
higher safety levels, better product quality, lower life cycle costs and reduced 
emergencies and panic decisions precipitated by major and unforeseen mechanical 
failures. 
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1.3 

1.3.1 



Putting all this objectively, one can enumerate the benefits in the following way: 

• Increase in machine productivity: By implementing predictive maintenance, 

it may be possible to virtually eliminate plant downtime due to unexpected 
equipment failures. 

• Extend intervals between overhauls: This maintenance philosophy provides 

information that allows scheduling maintenance activities on an ‘as needed’ 
basis. 

• Minimize the number of ‘open, inspect and repair if necessary’ overhaul 

routines: Predictive maintenance pinpoints specific defects and can thus 

make maintenance work more focused, rather than investigating all possibilities 
to detect problems. 

• Improve repair time: Since the specific equipment problems are known in 

advance, maintenance work can be scheduled. This makes the maintenance work 
faster and smoother. As machines are stopped before breakdowns occur, there is 
virtually no secondary damage, thus reducing repair time. 

• Increase machine life: A well-maintained machine generally lasts longer. 

• Resources for repair can be properly planned: Prediction of equipment defects 

reduces failure detection time, thus also failure reporting time, assigning of 
personnel, obtaining the correct documentation, securing the necessary spares, 
tooling and other items required for a repair. 

• Improve product quality: Often, the overall effect of improved maintenance 

is improved product quality. For instance, vibration in paper machines has a 
direct effect on the quality of the paper. 

• Save maintenance costs: Studies have shown that the implementation of a 

proper maintenance plan results in average savings of 20-25% in direct 
maintenance costs in conjunction with twice this value in increased 
production. 



Plant machinery classification and recommendations 

Maintenance strategy 

The above-mentioned maintenance philosophies have their own advantages and 
disadvantages and are implemented after carrying out a criticality analysis on the plant 
equipment. Usually the criticality analysis categorizes the equipment as: 

• Critical 

• Essential 

• General purpose. 

The critical equipment are broadly selected on the following basis: 

• If their failure can affect plant safety. 

• Machines that are essential for plant operation and where a shutdown will 
curtail the production process. 

• Critical machines include unspared machinery trains and large horsepower 
trains. 

• These machines have high capital cost, they are very expensive to repair 
(e.g., high-speed turbomachinery) or take a long time to repair. 
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• Perennial ‘bad actors’ or machines that wreck on the slightest provocation of 
an off-duty operation. 

• Finally, machinery trains where better operation could save energy or improve 
production. 

In all probability, the proactive and predictive maintenance philosophy is adopted for 
critical equipment. Vibration-monitoring instruments are provided with continuous, 
full-time monitoring capabilities for these machines. Some systems are capable of 
monitoring channels simultaneously so that rapid assessment of the entire machine train 
is possible. 

The essential equipment are broadly selected on the following basis: 

• Failure can affect plant safety. 

• Machines that are essential for plant operation and where a shutdown will 
curtail a unit operation or a part of the process. 

• They may or may not have an installed spare available. 

• Start-up is possible but may affect production process. 

• High horsepower or high speed but might not be running continuously. 

• Some machines that demand time-based maintenance, like reciprocating 
compressors. 

• These machines require moderate expenditure, expertise and time to repair. 

• Perennial ‘bad actors’ or machines that wreck at a historically arrived time 
schedule. For example, centrifugal fans in corrosive service. 

In many cases, the preventive maintenance philosophy, and at times even a less 
sophisticated predictive maintenance program is adopted for such equipment. These 
essential machines do not need to have the same monitoring instrumentation requirements 
as critical machines. Vibration-monitoring systems installed on essential machines can be 
of the scanning type, where the system switches from one sensor to the next to display the 
sensor output levels one by one. 

The general purpose equipment are broadly selected on the following basis: 

• Failure does not affect plant safety. 

• Not critical to plant production. 

• Machine has an installed spare or can operate on demand. 

• These machines require low to moderate expenditure, expertise and time to 
repair. 

• Secondary damage does not occur or is minimal. 

Usually it is acceptable to adopt the breakdown maintenance philosophy on general 
purpose equipment. However, in modern plants, even general purpose machines are not 
left to chance. 

These machines do not qualify them for permanently installed instrumentation or a 
continuous monitoring system. They are usually monitored with portable instruments. 



1.4 Principles of predictive maintenance 

Predictive maintenance is basically a condition-driven preventive maintenance. Industrial 
or in-plant average life statistics are not used to schedule maintenance activities in this 
case. Predictive maintenance monitors mechanical condition, equipment efficiency and 
other parameters and attempts to derive the approximate time of a functional failure. 
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A comprehensive predictive maintenance program utilizes a combination of the most 
cost-effective tools to obtain the actual operating conditions of the equipment and plant 
systems. On the basis of this collected data, the maintenance schedules are selected. 

Predictive maintenance uses various techniques such as vibration analysis, oil and wear 
debris analysis, ultrasonics, thermography, performance evaluation and other techniques 
to assess the equipment condition. 

Predictive maintenance techniques actually have a very close analogy to medical 
diagnostic techniques. Whenever a human body has a problem, it exhibits a symptom. 
The nervous system provides the information - this is the detection stage. Furthermore, if 
required, pathological tests are done to diagnose the problem. On this basis, suitable 
treatment is recommended (see Figure 1.2). 




Figure 1.2 

Predictive maintenance 

In a similar way, defects that occur in a machine always exhibit a symptom in the form 
of vibration or some other parameter. However, this may or may not be easily detected on 
machinery systems with human perceptions. 

It is here that predictive maintenance techniques come to assistance. These techniques 
detect symptoms of the defects that have occurred in machines and assist in diagnosing 
the exact defects that have occurred. In many cases, it is also possible to estimate the 
severity of the defects. 

The specific techniques used depend on the type of plant equipment, their impact on 
production or other key parameters of plant operation. Of further importance are the goals 
and objectives that the predictive maintenance program needs to achieve. 



Predictive maintenance techniques 

There are numerous predictive maintenance techniques, including: 

(a) Vibration monitoring: This is undoubtedly the most effective technique to 

detect mechanical defects in rotating machinery. 

(b) Acoustic emission: This can be used to detect, locate and continuously 

monitor cracks in structures and pipelines. 

(c) Oil analysis: Here, lubrication oil is analyzed and the occurrence of certain 

microscopic particles in it can be connected to the condition of bearings and 
gears. 
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(d) Particle analysis: Worn machinery components, whether in reciprocating 

machinery, gearboxes or hydraulic systems, release debris. Collection and 
analysis of this debris provides vital information on the deterioration of these 
components. 

(e) Corrosion monitoring: Ultrasonic thickness measurements are conducted 

on pipelines, offshore structures and process equipment to keep track of the 
occurrence of corrosive wear. 

(f) Thermography: Thermography is used to analyze active electrical and 

mechanical equipment. The method can detect thermal or mechanical 
defects in generators, overhead lines, boilers, misaligned couplings and 
many other defects. It can also detect cell damage in carbon fiber structures 
on aircrafts. 

(g) Performance monitoring: This is a very effective technique to determine 

the operational problems in equipment. The efficiency of machines provides a 
good insight on their internal conditions. 

Despite all these methods, it needs to be cautioned that there have been cases where 
predictive maintenance programs were not able to demonstrate tangible benefits for an 
organisation. The predominant causes that lead to failure of predictive maintenance are 
inadequate management support, bad planning and lack of skilled and trained manpower. 

Upon activating a predictive maintenance program, it is very essential to decide on the 
specific techniques to be adopted for monitoring the plant equipment. The various 
methods are also dependent on type of industry, type of machinery and also to a great 
extent on availability of trained manpower. 

It is also necessary to take note of the fact that predictive maintenance techniques 
require technically sophisticated instruments to carry out the detection and diagnostics of 
plant machinery. These instruments are generally very expensive and need technically 
competent people to analyze their output. 

The cost implications, whether on sophisticated instrumentation or skilled manpower, 
often lead to a question mark about the plan of adopting predictive maintenance 
philosophy. 

However, with management support, adequate investments in people and equipment, 
predictive maintenance can yield very good results after a short period of time. 



1 .6 Vibration analysis - a key predictive maintenance 
technique 

1.6.1 Vibration analysis (detection mode) 

Vibration analysis is used to determine the operating and mechanical condition of 
equipment. A major advantage is that vibration analysis can identify developing problems 
before they become too serious and cause unscheduled downtime. This can be achieved 
by conducting regular monitoring of machine vibrations either on continuous basis or at 
scheduled intervals. 

Regular vibration monitoring can detect deteriorating or defective bearings, mechanical 
looseness and worn or broken gears. Vibration analysis can also detect misalignment and 
unbalance before these conditions result in bearing or shaft deterioration. 

Trending vibration levels can identify poor maintenance practices, such as improper 
bearing installation and replacement, inaccurate shaft alignment or imprecise rotor 
balancing. 
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All rotating machines produce vibrations that are a function of the machine dynamics, 
such as the alignment and balance of the rotating parts. Measuring the amplitude of 
vibration at certain frequencies can provide valuable information about the accuracy of 
shaft alignment and balance, the condition of bearings or gears, and the effect on the 
machine due to resonance from the housings, piping and other structures. 

Vibration measurement is an effective, non-intrusive method to monitor machine 
condition during start-ups, shutdowns and normal operation. Vibration analysis is used 
primarily on rotating equipment such as steam and gas turbines, pumps, motors, 
compressors, paper machines, rolling mills, machine tools and gearboxes. 

Recent advances in technology allow a limited analysis of reciprocating equipment such 
as large diesel engines and reciprocating compressors. These machines also need other 
techniques to fully monitor their operation. 

A vibration analysis system usually consists of four basic parts: 

1 . Signal pickup(s), also called a transducer 

2. A signal analyzer 

3. Analysis software 

4. A computer for data analysis and storage. 

These basic parts can be configured to form a continuous online system, a periodic 
analysis system using portable equipment, or a multiplexed system that samples a series 
of transducers at predetermined time intervals. 

Hard-wired and multiplexed systems are more expensive per measurement position. 
The determination of which configuration would be more practical and suitable depends 
on the critical nature of the equipment, and also on the importance of continuous or semi- 
continuous measurement data for that particular application. 



1.6.2 Vibration analysis (diagnosis mode) 

Operators and technicians often detect unusual noises or vibrations on the shop floor or 
plant where they work on a daily basis. In order to determine if a serious problem actually 
exists, they could proceed with a vibration analysis. If a problem is indeed detected, 
additional spectral analyses can be done to accurately define the problem and to estimate 
how long the machine can continue to run before a serious failure occurs. 

Vibration measurements in analysis (diagnosis) mode can be cost-effective for less 
critical equipment, particularly if budgets or manpower are limited. Its effectiveness relies 
heavily on someone detecting unusual noises or vibration levels. This approach may not 
be reliable for large or complex machines, or in noisy parts of a plant. Furthermore, by 
the time a problem is noticed, a considerable amount of deterioration or damage may 
have occurred. 

Another application for vibration analysis is as an acceptance test to verify that a 
machine repair was done properly. The analysis can verify whether proper maintenance 
was carried out on bearing or gear installation, or whether alignment or balancing was 
done to the required tolerances. Additional information can be obtained by monitoring 
machinery on a periodic basis, for example, once per month or once per quarter. Periodic 
analysis and trending of vibration levels can provide a more subtle indication of bearing 
or gear deterioration, allowing personnel to project the machine condition into the 
foreseeable future. The implication is that equipment repairs can be planned to commence 
during normal machine shutdowns, rather than after a machine failure has caused 
unscheduled downtime. 
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1 .6.3 Vibration analysis - benefits 

Vibration analysis can identify improper maintenance or repair practices. These can 
include improper bearing installation and replacement, inaccurate shaft alignment or 
imprecise rotor balancing. As almost 80% of common rotating equipment problems are 
related to misalignment and unbalance, vibration analysis is an important tool that can be 
used to reduce or eliminate recurring machine problems. 

Trending vibration levels can also identify improper production practices, such as using 
equipment beyond their design specifications (higher temperatures, speeds or loads). 
These trends can also be used to compare similar machines from different manufacturers 
in order to determine if design benefits or flaws are reflected in increased or decreased 
performance. 

Ultimately, vibration analysis can be used as part of an overall program to significantly 
improve equipment reliability. This can include more precise alignment and balancing, 
better quality installations and repairs, and continuously lowering the average vibration 
levels of equipment in the plant. 




Predictive maintenance 
techniques: Part 2 



Vibration basics 



Spring-mass system: mass, stiffness, damping 

A basic understanding of how a discrete spring-mass system responds to an external force 
can be helpful in understanding, recognising and solving many problems encountered in 
vibration measurement and analysis. 

Figure 2.1 shows a spring-mass system. There is a mass M attached to a spring with a 
stiffness k. The front of the mass M is attached to a piston with a small opening in it. The 
piston slides through a housing filled with oil. 

The holed piston sliding through an oil-filled housing is referred to as a dashpot 
mechanism and it is similar in principle to shock absorbers in cars. 



Mass+ M 



|aaaaa ■ 



Dashpot filled with oil 
providing damping - C\ 




Figure 2.1 

Spring-mass system 



When an external force F moves the mass M forward, two things happen: 

1 . The spring is stretched. 

2. The oil from the front of the piston moves to the back through the small 
opening. 
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We can easily visualize that the force F has to overcome three things: 

1 . Inertia of the mass M. 

2. Stiffness of the spring k. 

3. Resistance due to forced flow of oil from the front to the back of the piston or, 
in other words, the damping C of the dashpot mechanism. 

All machines have the three fundamental properties that combine to determine how 
the machine will react to the forces that cause vibrations, just like the spring-mass 
system. 

The three fundamental properties are: 

(a) Mass (M) 

(b) Stiffness (k) 

(c) Damping (Q. 

These properties are the inherent characteristics of a machine or structure with which it 
will resist or oppose vibration. 

(a) Mass: Mass represents the inertia of a body to remain in its original state of 

rest or motion. A force tries to bring about a change in this state of rest or 
motion, which is resisted by the mass. It is measured in kg. 

(b) Stiffness: There is a certain force required to bend or deflect a structure with 

a certain distance. This measure of the force required to obtain a certain 
deflection is called stiffness. It is measured in N/m. 

(c) Damping: Once a force sets a part or structure into motion, the part or 

structure will have inherent mechanisms to slow down the motion (velocity). 
This characteristic to reduce the velocity of the motion is called damping. It is 
measured in N/(m/s). 

As mentioned above, the combined effects to restrain the effect of forces due to 
mass, stiffness and damping determine how a system will respond to the given 
external force. 

Simply put, a defect in a machine brings about a vibratory movement. The mass, 
stiffness and damping try to oppose the vibrations that are induced by the defect. If the 
vibrations due to the defects are much larger than the net sum of the three restraining 
characteristics, the amount of the resulting vibrations will be higher and the defect can be 
detected. 



2.2 System response 

Consider a rotor system (Figure 2.2) that has a mass M supported between two bearings. 
The rotor mass M is assumed as concentrated between the supported bearings; it contains 
an unbalance mass (Mu) located at a fixed radius r and is rotating at an angular velocity 
CO, where: 



(0 = 2 x 7i x 



lpm 

~60~ 



lpm = revolutions per minute 
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Mass = M 




Unbalanced mass - Mu 



Figure 2.2 

A rotor system response 

The vibration force produced by the unbalance mass Mu is represented by: 

F (unbalance) = Mu ■ r- or • sin(ftt t) 



where t = time in seconds. 

The restraining force generated by the three system characteristics is: 

Afx(a) + Cx(v) + kx(d) 

where a = acceleration; v = velocity; d = displacement. 

If the system is in equilibrium, the two forces are equal and the equation can be written as: 

Mu r - a? ■ sin(ftt t) = M x (a) + C x (v) + k X (d) 

However, in reality the restraining forces do not work in tandem. With changing 
conditions, one factor may increase while the other may decrease. The net result can 
display a variation in the sum of these forces. 

This in turn varies the system’s response (vibration levels) to exciting forces (defects 
like unbalance that generate vibrations). Thus, the vibration caused by the unbalance will 
be higher if the net sum of factors on the right-hand side of the equation is less than 
unbalance force. In a similar way, it is possible that one may not experience any 
vibrations at all if the net sum of the right-hand side factors becomes much larger than the 
unbalance force. 

What is vibration? 

Vibration, very simply put, is the motion of a machine or its part back and forth from its 
position of rest. 

The most classical example is that of a body with mass M to which a spring with a 
stiffness k is attached. Until a force is applied to the mass M and causes it to move, there 
is no vibration. 

Refer to Figure 2.3. By applying a force to the mass, the mass moves to the left, 
compressing the spring. When the mass is released, it moves back to its neutral position 
and then travels further right until the spring tension stops the mass. The mass then turns 
around and begins to travel leftwards again. It again crosses the neutral position and 
reaches the left limit. This motion can theoretically continue endlessly if there is no 
damping in the system and no external effects (such as friction). 

This motion is called vibration. 
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Figure 2.3 

The nature of vibration 



2.4 The nature of vibration 

A lot can be learned about a machine’s condition and possible mechanical problems by 
noting its vibration characteristics. We can now learn the characteristics, which characterize 
a vibration signal. 

Referring back to the mass-spring body, we can study the characteristics of vibration 
by plotting the movement of the mass with respect to time. This plot is shown in 
Figure 2.4. 

The motion of the mass from its neutral position, to the top limit of travel, back through 
its neutral position, to the bottom limit of travel and the return to its neutral position, 
represents one cycle of motion. This one cycle of motion contains all the information 
necessary to measure the vibration of this system. Continued motion of the mass will 
simply repeat the same cycle. 

This motion is called periodic and harmonic, and the relationship between the 
displacement of the mass and time is expressed in the form of a sinusoidal equation: 

X = X Q sin cot 

X = displacement at any given instant f, X 0 = maximum displacement; a> = 2-n-f\ 
f= frequency (cycles/s - hertz - Hz); t = time (seconds). 
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FREQUENCY = 0.25 cycles/s 

(w) =15 cycles/min (cpm) 



PHASE 0 


90 


270 


450 


degrees 


TIME 1 
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4 


6 


seconds 




Figure 2.4 

Simple harmonic wave - locus of spring-mass motion with respect to time 



As the mass travels up and down, the velocity of the travel changes from zero to a 
maximum. Velocity can be obtained by time differentiating the displacement equation: 



, ■ dX v 

velocity = =a 0 co cos cot 

d t 



Similarly, the acceleration of the mass also varies and can be obtained by differentiating 
the velocity equation: 



. d (velocity) 2 

acceleration = — X n ■ CO" ■ sin co t 

d t 



In Figure 2.5: displacement is shown as a sine curve', velocity, as a cosine curve', 
acceleration is again represented by a sine cur\>e. 



Accelaration 

x ^ 




'» 



Figure 2.5 

Waveform of acceleration, velocity and displacement of mass in simple harmonic motion 



2.4.1 Wave fundamentals 

Terms such as cycle, frequency, wavelength, amplitude and phase are frequently used 
when describing waveforms. We will now discuss these terms and others in detail as they 
are also used to describe vibration wave propagation. 
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We will also discuss waveforms, harmonics, Fourier transforms and overall vibration 
values, as these are concepts connected to machine diagnostics using vibration analysis. 

In Figure 2.6, waves 1 and 2 have equal frequencies and wavelengths but different 
amplitudes. The reference line (line of zero displacement) is the position at which a 
particle of matter would have been if it were not disturbed by the wave motion. 




Figure 2.6 

Comparison of waves with different amplitudes 

2.4.2 Frequency (cycle) 

At point E, the wave begins to repeat with a second cycle, which is completed at point I, a 
third cycle at point M, etc. The peak of the positive alternation (maximum value above 
the line) is sometimes referred to as the top or crest, and the peak of the negative 
alternation (maximum value below the line) is sometimes called the bottom or trough, as 
shown in Figure 2.6. Therefore, one cycle has one crest and one trough. 

2.4.3 Wavelength 

A wavelength is the distance in space occupied by one cycle of a transverse wave at any 
given instant. If the wave could be frozen and measured, the wavelength would be the 
distance from the leading edge of one cycle to the corresponding point on the next cycle. 
Wavelengths vary from a few hundredths of an inch at extremely high frequencies to 
many miles at extremely low frequencies, depending on the medium. In Figure 2.6 (wave 1), 
the distance between A and E, or B and F, etc., is one wavelength. The Greek letter A. 
(lambda) is commonly used to signify wavelength. 



2.4.4 



Amplitude 

Two waves may have the same wavelength, but the crest of one may rise higher above the 
reference line than the crest of the other, for instance waves 1 and 2 in Figure 2.6. The height 
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of a wave crest above the reference line is called the amplitude of the wave. The amplitude of 
a wave gives a relative indication of the amount of energy the wave transmits. A continuous 
series of waves, such as A through Q, having the same amplitude and wavelength, is 
called a train of waves or wave train. 



2.4.5 Frequency and time 

When a wave train passes through a medium, a certain number of individual waves pass a 
given point for a specific unit of time. For example, if a cork on a water wave rises and 
falls once every second, the wave makes one complete up-and-down vibration every 
second. The number of vibrations, or cycles, of a wave train in a unit of time is called the 
frequency of the wave train and is measured in hertz (Hz). If five waves pass a point in 
one second, the frequency of the wave train is five cycles per second. In Figure 2.6, the 
frequency of both waves 1 and 2 is four cycles per second (cycles per second is 
abbreviated as cps). 

In 1967, in honor of the German physicist Heinrich hertz, the term hertz was designated 
for use in lieu of the term ‘cycle per second’ when referring to the frequency of radio 
waves. It may seem confusing that in one place the term ‘cycle’ is used to designate the 
positive and negative alternations of a wave, but in another instance the term ‘hertz’ is 
used to designate what appears to be the same thing. The key is the time factor. The term 
cycle refers to any sequence of events, such as the positive and negative alternations, 
comprising one cycle of any wave. The term hertz refers to the number of occurrences 
that take place in one second. 



2.4.6 Phase 

If we consider the two waves as depicted in Figure 2.7, we find that the waves are 
identical in amplitude and frequency but a distance of 774 offsets the crests of the waves. 
This lag of time is called the phase lag and is measured by the phase angle. 











T 


7 _ 
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7/4 
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Figure 2.7 

Phase relationship between two similar waves 

A time lag of T is a phase angle of 360°, thus a time lag of 774 will be a phase 
angle of 90°. 

In this case we would normally describe the two waves as out of phase by 90°. 





1 8 Practical Machinery Vibration Analysis and Predictive Maintenance 



2.4.7 Waveforms 

We have seen earlier, under the topic nature of vibrations, that displacement, velocity and 
acceleration of a spring-mass system in motion can be represented by sine and cosine 
waves. The waveform is a visual representation (or graph) of the instantaneous value of 
the motion plotted against time. 



2.5 Harmonics 

Figure 2.8 depicts many interesting waveforms. Let us presume that displacement is 
represented on the F-axis. Since it is a representation vs time, the X-axis will be the time 
scale of 1 s. 

Square waveform 




Figure 2.8 

An interesting waveform 

• The first wave that we should observe is the [1] wave. It is represented by one 
cycle. As the time scale is 1 s, it has a frequency of 1 Hz. 

• The next wave to be considered is the [3] wave. It can be seen that it has three 
cycles in the same period of the first wave. Thus, it has a frequency of 3 Hz. 

• Third is the [5] wave. Here five cycles can be Paced, and it thus has a frequency 
of 5 Hz. 

• Next is the [7] wave. It has seven cycles and therefore a frequency of 7 Hz. 

• The [9] wave is next with nine cycles and it will have a frequency of 9 Hz. 

In this way an odd series (1,3, 5, 7, 9...) of the waves can be observed in the figure. Such a 
series is called the odd harmonics of the fundamental frequency. 

If we were to see waveforms with frequencies of 1,2, 3,4, 5 . . . Hz, then they would be 
the harmonics of the first wave of 1 Hz. The first wave of the series is usually designated 
as the wave with the fundamental frequency. 

Coming back to the figure, it is noticed that if the fundamental waveforms with odd 
harmonics are added up, the resultant wave seen on the figure incidentally looks like a 
square waveform, which is more complex. 

If a series of sinusoidal waveforms can be added to form a complex waveform, then is 
the reverse possible? It is possible and this is a widely used technique called the Fourier 
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transform. It is a mathematically rigorous operation, which transforms waveforms from 
the time domain to the frequency domain and vice versa. 

2.5.1 Fourier analysis 

Fourier analysis is another term for the transformation of a time waveform (Figure 2.9) into 
a spectrum of amplitude vs frequency values. Fourier analysis is sometimes referred to as 
spectrum analysis, and can be done with a fast Fourier transform (FFT) analyzer. 



lx Fundamental frequency 




Frequency 



Figure 2.9 

A Fourier transform of the square waveform 



2.5.2 Overall amplitude 

We have seen how a square waveform looks like in the time domain. The waveform is a 
representation of instantaneous amplitude of displacement, velocity or acceleration with 
respect to time. 

The overall level of vibration of a machine is a measure of the total vibration amplitude 
over a wide range of frequencies, and can be expressed in acceleration, velocity or 
displacement (Figure 2.10). 

The overall vibration level can be measured with an analog vibration meter, or it can be 
calculated from the vibration spectrum by adding all the amplitude values from the 
spectrum over a certain frequency range. 

When comparing overall vibration levels, it is important to make sure they were 
calculated over the same frequency range. 

2.5.3 Vibration terminology 

Vibration displacement (peak to peak) 

The total distance travelled by a vibrating part, from one extreme limit of travel to the 
other extreme limit of travel is referred to as the ‘peak to peak’ displacement. 

• In SI units this is usually measured in ‘microns’ (l/1000th of a millimeter). 

• In imperial units it is measured in ‘mils’ (milli inches - l/1000th of an inch). 

Displacement is sometimes referred to only as ‘peak’ (ISO 2372), which is half of 
‘peak to peak’ . 
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Figure 2.10 

Overall vibration plot of velocity 



Vibration velocity (peak) 

As the vibrating mass moves, the velocity changes. It is zero at the top and bottom limits 
of motion when it comes to a rest before it changes its direction. The velocity is at its 
maximum when the mass passes through its neutral position. This maximum velocity is 
called as vibration velocity peak. 

It is measured in mm/s-pk or inches/s-pk (ips-pk). 

Vibration velocity (rms) 

The International Standards Organization (ISO), who establishes internationally acceptable 
units for measurement of machinery vibration, suggested the velocity - root mean square 
(rms) as the standard unit of measurement. This was decided in an attempt to derive criteria 
that would determine an effective value for the varying function of velocity. 

Velocity - rms tends to provide the energy content in the vibration signal, whereas the 
velocity peak correlated better with the intensity of vibration. Higher velocity - rms is 
generally more damaging than a similar magnitude of velocity peak. 

Crest factor The crest factor of a waveform is the ratio of the peak value of the 
waveform to the rms value of the waveform. It is also sometimes called the ‘peak-to-rms- 
ratio’. The crest factor of a sine wave is 1.414, i.e. the peak value is 1.414 times the rms 
value. The crest factor is one of the important features that can be used to trend machine 
condition. 

Vibration acceleration (peak) 

In discussing vibration velocity, it was pointed out that the velocity of the mass 
approaches zero at extreme limits of travel. Each time it comes to a stop at the limit of 
travel, it must accelerate to increase velocity to travel to the opposite limit. Acceleration 
is defined as the rate of change in velocity. 

Referring to the spring-mass body, acceleration of the mass is at a maximum at the 
extreme limit of travel where velocity of the mass is zero. As the velocity approaches a 
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maximum value, the acceleration drops to zero and again continues to rise to its 
maximum value at the other extreme limit of travel. 

Acceleration is normally expressed in g, which is the acceleration produced by the force 
of gravity at the surface of the earth. The value of g is 9.80665 m/s 2 , 32.1739 ft/s 2 or 
386.087 in./s 2 . 

Displacement, velocity, acceleration - which should be used? 

The displacement, velocity and acceleration characteristics of vibration are measured to 
determine the severity of the vibration and these are often referred to as the ‘amplitude’ of 
the vibration. 

In terms of the operation of the machine, the vibration amplitude is the first indicator to 
indicate how good or bad the condition of the machine may be. Generally, greater 
vibration amplitudes correspond to higher levels of machinery defects. 

Since the vibration amplitude can be either displacement, velocity or acceleration, 
the obvious question is, which parameter should be used to monitor the machine 
condition? 

The relationship between acceleration, velocity and displacement with respect to 
vibration amplitude and machinery health redefines the measurement and data analysis 
techniques that should be used. Motion below 10 Hz (600 cpm) produces very little 
vibration in terms of acceleration, moderate vibration in terms of velocity and relatively 
large vibrations in terms of displacement (see Figure 2.11). Hence, displacement is used 
in this range. 




.1 1 10 100 1000 Hz 

.6 60 600 6000 60000 cpm 

Frequency 

Figure 2.11 

Relationship between displacement, velocity and acceleration at constant velocity. EU, engineering units 



In the high frequency range, acceleration values yield more significant values than velocity 
or displacement. Hence, for frequencies over 1000 Hz (60 kcpm) or 1500 Hz (90 kcpm), 
the preferred measurement unit for vibration is acceleration. 
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It is generally accepted that between 10 Hz (600 cpm) and 1000 Hz (60 kcpm) velocity 
gives a good indication of the severity of vibration, and above 1000 Hz (60 kcpm), 
acceleration is the only good indicator. 

Since the majority of general rotating machinery (and their defects) operate in the 
10-1000 Hz range, velocity is commonly used for vibration measurement and 
analysis. 

2.5.4 Using vibration theory to machinery fault detection 

In Figure 2.12, a common machinery train is depicted. It consists of a driver or a prime 
mover, such as an electric motor. Other prime movers include diesel engines, gas engines, 
steam turbines and gas turbines. The driven equipment could be pumps, compressors, 
mixers, agitators, fans, blowers and others. At times when the driven equipment has to be 
driven at speeds other than the prime mover, a gearbox or a belt drive is used. 



Driver belt Resonance Flow-related 




Figure 2.12 

Machinery fault detection 

Each of these rotating parts is further comprised of simple components such as: 

• Stator (volutes, diaphragms, diffusers, stators poles) 

• Rotors (impellers, rotors, lobes, screws, vanes, fans) 

• Seals 

• Bearings 

• Couplings 

• Gears 

• Belts. 

When these components operate continuously at high speeds, wear and failure is 
imminent. When defects develop in these components, they give rise to higher vibration 
levels. 

With few exceptions, mechanical defects in a machine cause high vibration levels. 
Common defects that cause high vibrations levels in machines are: 

(a) Unbalance of rotating parts 

(b) Misalignment of couplings and bearings 

(c) Bent shafts 

(d) Worn or damaged gears and bearings 

(e) Bad drive belts and chains 
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(f) Torque variations 

(g) Electromagnetic forces 

(h) Aerodynamic forces 

(i) Hydraulic forces 

(j) Looseness 

(k) Rubbing 

(l) Resonance. 

To generalize the above list, it can be stated that whenever either one or more parts are 
unbalanced, misaligned, loose, eccentric, out of tolerance dimensionally, damaged or 
reacting to some external force, higher vibration levels will occur. 

Some of the common defects are shown in Figure 2.12. The vibrations caused by the 
defects occur at specific vibration frequencies, which are characteristic of the components, 
their operation, assembly and wear. The vibration amplitudes at particular frequencies are 
indicative of the severity of the defects. 

Vibration analysis aims to correlate the vibration response of the system with specific 
defects that occur in the machinery, its components, trains or even in mechanical 
structures. 



2.6 Limits and standards of vibration 

As mentioned above, vibration amplitude (displacement, velocity or acceleration) is a 
measure of the severity of the defect in a machine. A common dilemma for vibration 
analysts is to determine whether the vibrations are acceptable to allow further operation 
of the machine in a safe manner. 

To solve this dilemma, it is important to keep in mind that the objective should be to 
implement regular vibration checks to detect defects at an early stage. The goal is not to 
determine how much vibration a machine will withstand before failure! The aim should 
be to obtain a trend in vibration characteristics that can warn of impending trouble, so it 
can be reacted upon before failure occurs. 

Absolute vibration tolerances or limits for any given machine are not possible. That is, 
it is impossible to fix a vibration limit that will result in immediate machine failure when 
exceeded. The developments of mechanical failures are far too complex to establish such 
limits. 

However, it would be also impossible to effectively utilize vibrations as an indicator 
of machinery condition unless some guidelines are available, and the experiences of 
those familiar with machinery vibrations have provided us with some realistic 
guidelines. 

We have mentioned earlier that velocity is the most common parameter for vibration 
analysis, as most machines and their defects generate vibrations in the frequencies range 
of 10 Hz (600 cpm) to 1 kHz (60 kcpm). 



2.6.1 ISO 2372 

The most widely used standard as an indicator of vibration severity is ISO 2372 (BS 
4675). The standard can be used to determine acceptable vibration levels for various 
classes of machinery. Thus, to use this ISO standard, it is necessary to first classify the 
machine of interest. Reading across the chart we can correlate the severity of the machine 
condition with vibration. The standard uses the parameter of velocity-rms to indicate 
severity. The letters A, B, C and D as seen in Figure 2.13, classify the severity. 
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ISO 2372 - ISO Guideline for Machinery Vibration Severity 


Ranges of Vibration severity 


Examples of quality judgment for 
separate classes of machines 
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Figure 2.13 

ISO 2372 - ISO guideline for machinery vibration severity 

Class I Individual parts of engines and machines integrally connected with a complete 
machine in its normal operating condition (production electrical motors of up to 15 kW 
are typical examples of machines in this category). 

Class II Medium-sized machines (typically electrical motors with 15-75 kW output) 
without special foundations, rigidly mounted engines or machines (up to 300 kW) on 
special foundations. 

Class III Large prime movers and other large machines with rotating masses mounted 
on rigid and heavy foundations, which are relatively stiff in the direction of vibration. 
Class IV Large prime movers and other large machines with rotating masses mounted 
on foundations, which are relatively soft in the direction of vibration measurement (for 
example - turbogenerator sets, especially those with lightweight substructures). 

American Petroleum Institute (API specification) 

The American Petroleum Institute (API) has set forth a number of specifications dealing 
with turbomachines used in the petroleum industry. Some of the specifications that have 
been prepared include API-610, API-611, API-612, API-613, API-616 and API-617. 
These specifications mainly deal with the many aspects of machinery design, installation, 
performance and support systems. However, there are also specifications for rotor balance 
quality, rotor dynamics and vibration tolerances. 

API standards have developed limits for casing as well as shaft vibrations (Figure 2.14). 
The API specification on vibration limits for turbo machines is widely accepted and 
followed with apparently good results. 

The API standard specifies that the maximum allowable vibration displacement of a 
shaft measured in mils (milli-inches = 0.001 inch = 0.0254 mm) peak-peak shall not be 
greater than 2.0 mils or (12 000//V) 1/2 , where N is speed of the machine, whichever 
is less. 





Vibration peak to peak (mils) Vibration peak to peak (mils) 
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Figure 2.14 

Vibration limits - API-610 centrifugal pumps in refinery service 
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American Gear Manufacturers Association (AGMA specification) 

In 1972, AGMA formulated a specification called the AGMA standard specification 
for Measurement of Lateral Vibration on High Speed Helical and Herringbone 
Gear Units - AGMA 426.01 (the present standard is now revised to AGMA 6000-B96). 

It presents a method for measuring linear vibration on a gear unit. It recommends 
instrumentation, measuring methods, test procedures and discrete frequency vibration limits 
for acceptance testing. It annexes a list of system effects on gear unit vibration and system 
responsibility. Determination of mechanical vibrations of gear units during acceptance testing 
is also mentioned. 

2.6.2 IRD mechanalysis vibration standards 
General machinery severity chart 

The general machinery severity chart (Figure 2.15) incorporates vibration velocity 
measurements along with the familiar displacement measurements, when amplitude 
readings are obtained in metric units (microns-peak-peak or mm/s-peak). The chart 
evolved out of a large amount of data collected from different machines. 

When using displacement measurements, only filtered displacement readings (for a 
specific frequency) should be applied to the chart. Overall vibration velocity can be 
applied since the lines that divide the severity regions are actually constant velocity lines. 
The chart is used for casing vibrations and not meant for shaft vibrations. 




Vibration velocity 
In./s Peak 



Figure 2.15 

General machinery severity chart 
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The chart applies to machines that are rigidly mounted or bolted to a fairly rigid 
foundation. Machines mounted on resilient vibration isolators such as coil springs or 
mbber pads will generally have higher amplitudes of vibration compared to rigidly mounted 
machines. 

A general rule is to allow twice as much vibration for a machine mounted on isolators. 
High-frequency vibrations should not be subjected to the above criteria. 



General vibration acceleration severity chart 

The general vibration acceleration severity chart is used in cases where machinery 
vibration is measured in units of acceleration (g-peak) (see Figure 2.16). 

Constant vibration velocity lines are included on the chart to provide a basis for 
comparison, and it can be noted that for vibration frequencies below 60 000 cpm (1000 Hz), 
the lines that divide the severity regions are of a relatively constant velocity. However, 
above this limit, the severity regions are defined by nearly constant acceleration values. 

Since the severity of vibration acceleration depends on frequency, only filtered 
acceleration readings can be applied to the chart. 



General Machinery Vibration 
Severity Chart 

o 




Figure 2.16 

Vibration acceleration severity chart - IRD mechanalysis 
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Tentative guide to vibration limits for machine tools 

Amplitudes of machine tool vibration must be relatively low in order to maintain dimensional 
tolerances and to provide acceptable surface finish of machined workpieces. 

The vibration limits tabulated below are based on the experience of manufacturers and 
were selected as typical of those required on machine tools in order to achieve these 
objectives. 

These limits should be used as a guide only - modern machines may need even tighter 
limits for stringent machining specifications. 

It should be mentioned that vibration limits are in displacement units, as the primary 
concern for machine tool vibration is the relative motion between the workpiece and the 
cutting edge. This relative motion is compared to the specified surface finish and 
dimensional tolerances, which are also expressed in terms of displacement units. 

When critical machinery with a heavy penalty for process downtime is involved, the 
decision to correct a condition of vibration is often a very difficult one to make. Therefore, 
when establishing acceptable levels of machinery condition, experience and factors such 
as safety, labor costs, downtime costs and the machine’s criticality should be considered. 

It is thus reiterated that standards should only be an indicator of machine condition and 
not a basis for shutting down the machine. What is of extreme importance is that 
vibrations of machines should be recorded and trended diligently. 

Displacement of vibrations as read with sensor on spindle bearing housing in the direction of cut 



Type of Machine 


Tolerance Range (mils) 


Grinders 




Thread grinder 


0.01-0.06 


Profile or contour grinder 


0.03-0.08 


Cylindrical grinder 


0.03-0.10 


Surface grinder (vertical reading) 


0.03-0.2 


Gardener or besly type 


0.05-0.2 


Centerless 


0.04-0.1 


Boring machine 


0.06-0.1 


Lathe 


0.2-1 



A rising trend is of great concern even when the velocity values as per the standard are 
still in ‘Good’ range. Similarly, a machine operating for years with velocity values in the 
‘Not acceptable’ range is not a problem if there is no rising Pend. 

Those who have been working on the shop floor for a long time will agree that even 
two similar machines built simultaneously by one manufacturer can have vastly different 
vibration levels and yet operate continuously without any problems. One has to accept the 
limitations of these standards, which cannot be applied to a wide range of complex 
machines. Some machines such as hammer mills or rock and coal crushers will inherently 
have higher levels of vibration anyway. 

Therefore, the values provided by these guides should be used only if experience, 
maintenance records and history proved them to be valid. 
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Introduction 

The topics discussed in the previous sections were theoretical in nature, introducing the 
basics of vibration. With data acquisition, we take the first steps into the domain of 
practical vibration analysis. It includes the following main tasks: 

• Collection of machinery vibration 

• Conversion of the vibration signal to an electrical signal 

• Transformation of the electrical signal to its components 

• Providing information and documentation related to vibration data. 

The above entails the entire hardware of the vibration analysis system or program. 
It includes transducers, electronic instruments that store and analyze data, the software 
that assist in vibration analysis, record keeping and documentation. 



Collection of vibration signal - vibration transducers, 
characteristics and mountings 

To measure machinery or structural vibration, a transducer or a vibration pickup is used. 
A transducer is a device that converts one type of energy, such as vibration, into a 
different type of energy, usually an electric current or voltage. 

Commonly used transducers are velocity pickups, accelerometers and Eddy current or 
proximity probes. Each type of transducer has distinct advantages for certain applications, 
but they all have limitations as well. No single transducer satisfies all measurement needs. 
One of the most important considerations for any application is to select the transducer 
that is best suited for the job. 

The various vibration transducers are discussed below. 



Velocity pickup 

The velocity pickup is a very common transducer for monitoring the vibration of rotating 
machinery. This type of vibration transducer installs easily on most analyzers, and is 
rather inexpensive compared to other sensors. For these reasons, the velocity transducer is 
ideal for general purpose machine-monitoring applications. Velocity pickups have been 
used as vibration transducers on rotating machines for a very long time, and these are still 
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utilized for a variety of applications today. Velocity pickups are available in many 
different physical configurations and output sensitivities. 



3.2.2 Theory of operation 

When a coil of wire is moved through a magnetic field (coil-in-magnet type) (Figure 3.1), 
a voltage is induced across the end wires of the coil. The transfer of energy from the flux 
field of the magnet to the wire coil generates the induced voltage. As the coil is forced 
through the magnetic field by vibratory motion, a voltage signal correlating with the 
vibration is produced. 




Coil of wire 

Loosely sprung magnet 
Damping fluid 




Connector 

Magnet 

Damper 

Coil 



Spring 



Figure 3.1 

Two basic types of velocity pickups employing principle of motion of magnet-in-coil and coil-in-magnet 

The magnet-in-coil type of sensor is made up of three components: a permanent 
magnet, a coil of wire and spring supports for the magnet. The pickup is filled with oil to 
dampen the spring action. The relative motion between the magnet and coil caused by the 
vibration motion induces a voltage signal. 

The velocity pickup is a self-generating sensor and requires no external devices to 
produce a voltage signal. The voltage generated by the pickup is directly proportional to 
the velocity of the relative motion. 

Due to gravity forces, velocity transducers are manufactured differently for horizontal 
or vertical axis mounting. The velocity sensor has a sensitive axis that must be considered 
when applying them to rotating machinery. Velocity sensors are also susceptible to cross- 
axis vibration, which could damage a velocity sensor. 

Wire is wound on a hollow bobbin to form the wire coil. Sometimes, the wire coil is 
counter wound (wound in one direction and then in the opposite direction) to counteract 
external electrical fields. The bobbin is supported by thin, flat springs to position it 
accurately in the permanent magnet’s field. 

A velocity signal produced by vibratory motion is normally sinusoidal in nature. Thus, in 
one cycle of vibration, the signal reaches a maximum value twice. The second maximum 
value is equal in magnitude to the first maximum value, but opposite in direction. 

Another convention to consider is that motion towards the bottom of a velocity 
transducer will generate a positive output signal. In other words, if the transducer is held 
in its sensitive axis and the base is tapped, the output signal will be positive when it is 
initially tapped. 

3.2.3 Number of sensors 

All vibration sensors measure motion along their major axis. This fact should be taken 
into account when choosing the number of sensors to be used. Due to the structural 
asymmetry of machine cases, the vibration signals in the vertical, horizontal and axial 
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directions (with respect to the shaft) may differ. Where possible, a velocity transducer 
should be mounted in the vertical, horizontal and axial planes to measure vibration in the 
three directions. The three sensors will provide a complete picture of the vibration 
signature of the machine. 

Mounting 

For the best results, the mounting location must be flat, clean and slightly larger than the 
velocity pickup. If it is possible, it should be clamped with a separate mounting enclosure. 
The surface will have to be drilled and tapped to accommodate the mounting screw of the 
sensor. Whenever a velocity pickup is exposed to hazardous environments such as high 
temperatures, radioactivity, water or magnetic fields, special protection measures should 
be taken. 

Magnetic interferences should especially be taken into account when measuring 
vibrations of large AC motors and generators. The alternating magnetic field that these 
machines produce may affect the coil conductor by inducing a voltage in the pickup that 
could be confused with actual vibration. In order to reduce the effect of the alternating 
magnetic field, magnetic shields can be used. 

A quick method to determine whether a magnetic shield would be required is to hang the 
pickup close to the area where vibrations must be taken (with a steady hand as not to induce 
real vibrations). If significant vibrations are observed, a magnetic shield may be required. 

Sensitivity 

Some velocity pickups have the highest output sensitivities of all the vibration pickups 
available for rotating machine applications. Higher output sensitivity is useful in 
situations where induced electrical noise is a problem. Larger sensor outputs for given 
vibration levels will be influenced less by electrical noise. 

Sensitivities are normally expressed in mV/in./s or mV/mm/s. General values are in the 
range of 500 mV/in./s to 750 mV/in./s (20-30 mV/mm/s). The sensitivity of the velocity 
pickup is constant over a specified frequency range, usually between 10 Hz and 
1 kHz. At low frequencies of vibration, the sensitivity decreases because the pickup coil 
is no longer stationary with respect to the magnet, or vice versa. This decrease in pickup 
sensitivity usually starts at a frequency of approximately 10 Hz, below which the pickup 
output drops exponentially. The significance of this fact is that amplitude readings taken 
at frequencies below 10 Hz using a velocity pickup are inaccurate. 

Even though the sensitivity may fall at lower frequencies this does not prevent the 
usage of this pickup for repeated vibration measurement at the same position only for 
trending or balancing. 

Frequency response 

Velocity pickups have different frequency responses depending on the manufacturer. 
However, most pickups have a linear frequency response range in the order of 10 Hz- 
1 kHz. This is an important consideration when selecting a velocity pickup for a rotating 
machine application. The pickup’s frequency response must be within the expected 
frequency range of the machine. 

Calibration 

Velocity pickups should be calibrated on an annual basis. The sensor should be removed 
from service for calibration verification. Verification is necessary because velocity 
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pickups are the only industrial vibration sensors with internal moving parts that are 
subject to fatigue failure. 

This verification should include a sensitivity response vs frequency test. This test will 
determine if the internal springs and damping system have degraded due to heat and 
vibration. The test should be conducted with a shaker capable of variable amplitude and 
frequency testing. 

Advantages 

• Ease of installation 

• Strong signals in mid-frequency range 

• No external power required. 

Disadvantages 

• Relatively large and heavy 

• Sensitive to input frequency 

• Narrow frequency response 

• Moving parts 

• Sensitive to magnetic fields. 

Acceleration transducers/pickup 

Accelerometers are the most popular transducers used for rotating machinery applications 
(Figure 3.2). They are rugged, compact, lightweight transducers with a wide frequency 
response range. Accelerometers are extensively used in many condition-monitoring 
applications. Components such as rolling element bearings or gear sets generate high- 
vibration frequencies when defective. Machines with these components should be 
monitored with accelerometers. 

The installation of an accelerometer must carefully be considered for an accurate and 
reliable measurement. 

Accelerometers are designed for mounting on machine cases. This can provide 
continuous or periodic sensing of absolute case motion (vibration relative to free space) in 
terms of acceleration. 



Amplifier 




Pre-loading spring 



Seismic mass 



— Crystal element 



Base 



Mounting stud 



Figure 3.2 

Accelerometer 
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Theory of operation 

Accelerometers are inertial measurement devices that convert mechanical motion into a 
voltage signal. The signal is proportional to the vibration’s acceleration using the 
piezoelectric principle. Inertial measurement devices measure motion relative to a mass. 
This follows Newton’s third law of motion: body acting on another will result in an equal 
and opposite reaction on the first. 

Accelerometers consist of a piezoelectric crystal (made of ferroelectric materials like 
lead zirconate titanate and barium titanate) and a small mass normally enclosed in a 
protective metal case. 

When the accelerometer is subjected to vibration, the mass exerts a varying force on the 
piezoelectric crystal, which is directly proportional to the vibratory acceleration. The 
charge produced by the piezoelectric crystal is proportional to the varying vibratory force. 

The charge output is measured in Pico-coulombs per g (pC/g) where g is the 
gravitational acceleration. Some sensors have an internal charge amplifier, while others 
have an external charge amplifier. The charge amplifier converts the charged output of 
the crystal to a proportional voltage output in mV/g. 

Current or voltage mode 

This type of accelerometer has an internal, low-output impedance amplifier and requires 
an external power source. The external power source can be either a constant current 
source or a regulated voltage source. This type of accelerometer is normally a two-wire 
transducer with one wire for the power and signal, and the second wire for common. They 
have a lower-temperature rating due to the internal amplifier circuitry. Output cable 
lengths up to 500 feet have a negligible effect on the signal quality. Longer cable lengths 
will reduce the effective frequency response range. 

Charge mode 

Charge mode accelerometers differ slightly from current or voltage mode types. These 
sensors have no internal amplifier and therefore have a higher-temperature rating. An external 
charge amplifier is supplied with a special adaptor cable, which is matched to the accelerometer. 
Field wiring is terminated to the external charge amplifier. As with current or voltage mode 
accelerometers, signal cable lengths up to 500 feet have negligible effect on the output signal 
quality. Longer cable lengths will reduce the effective frequency response range. 

Mounting 

It is important to know the possible mounting methods for this vibration sensor. Four 
primary methods are used for attaching sensors to monitoring locations. These are stud 
mounted, adhesive mounted, magnet (double leg or flat) mounted and non-mounted - e.g. 
using handheld probes or stingers. Each method affects the high-frequency response of 
the accelerometer. Stud mounting provides the widest frequency response and the most 
secure, reliable attachment. 

The other three methods reduce the upper frequency range of the sensor. In these cases, 
the sensor does not have a very secure direct contact with the measurement point. 
Inserting mounting pieces, such as adhesive pads, magnets or probe tips, introduces a 
mounted resonance. This mounted resonance is lower than the natural resonance of the 
sensor and reduces the upper frequency range. A large mounting piece causes lower 
mounted resonance and also lowers the usable frequency range of the transducer. 
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The mounting methods typically used for monitoring applications are discussed in more 
detail below. 

The stud/bolt mounting method is the best method available for permanent mounting 
applications. This method is accomplished by screwing the sensor in a stud or a machined 
block. This method permits the transducer to measure vibration in the most ideal manner 
and should be used wherever possible. 

The mounting location for the accelerometer should be clean and paint-free. The 
mounting surface should be spot-faced to achieve a smooth surface. The spot-faced 
diameter should be slightly larger than the accelerometer diameter. Any irregularities in 
the mounting surface preparation will translate into improper measurements or damage to 
the accelerometer. 

The adhesive or glue mounting method provides a secure attachment without 
extensive machining. However, when the accelerometer is glued, it typically reduces 
the operational frequency response range or the accuracy of the measurement. This 
reduction is due to the damping qualities of the adhesive. Also, replacement or removal 
of the accelerometer is more difficult than with any other attachment method. For 
proper adhesive bonding, surface cleanliness is of extreme importance. 

The magnetic mounting method is typically used for temporary measurements with a 
portable data collector or analyzer. This method is not recommended for permanent 
monitoring. The transducer may be inadvertently moved and the multiple surfaces and 
materials of the magnet may interfere with high-frequency signals. 

By design, accelerometers have a natural resonance which is 3-5 times higher than 
the high end of the rated frequency response. The frequency response range is limited 
in order to provide a flat response over a given range. The rated range is achievable 
only through stud mounting. As mentioned before, any other mounting method 
adversely affects the resonance of the sensor, such as the reliable usable frequency 
range. 

Sensitivity 

Accelerometers utilized for vibration monitoring are usually designed with a sensitivity of 
100 mV/g. Other types of accelerometers with a wide range of sensitivities for special 
applications such as structural analysis, geophysical measurement, very high frequency 
analysis or very low speed machines are also available. 

Frequency range 

Accelerometers are designed to measure vibration over a given frequency range. Once the 
particular frequency range of interest for a machine is known, an accelerometer can be 
selected. Typically, an accelerometer for measuring machine vibrations will have a 
frequency range from 1 or 2 Hz to 8 or 10 kHz. Accelerometers with higher-frequency 
ranges are also available. 

Calibration 

Piezoelectric accelerometers cannot be recalibrated or adjusted. Unlike a velocity pickup, 
this transducer has no moving parts subject to fatigue. Therefore, the output sensitivity 
does not require periodic adjustments. However, high temperatures and shock can 
damage the internal components of an accelerometer. 

When the reliability of an accelerometer is doubtful, a simple test of the transducer’s 
bias voltage can be used to determine whether it should be removed from service. 
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An accelerometer’s bias voltage is the DC component of the transducer’s output signal. 
The bias voltage is measured with a DC voltmeter across the transducer’s output and 
common leads with the power on. At the same time, the power supply should also be 
checked to eliminate the possibility of improper power voltage affecting the bias voltage 
level of the sensor. 



3.2.4 Displacement probes - Eddy current 
transducers - proximity probes 

Eddy current transducers (proximity probes) are the preferred vibration transducers for 
vibration monitoring on journal bearing equipped rotating machinery. Typical applications 
are predominantly high-speed turbomachinery. 

Eddy current transducers are the only transducers that provide displacement of shaft or 
shaft-relative (shaft relative to the bearing) vibration measurements. Several methods are 
usually available for the installation of Eddy current transducers, including internal, 
intemal/extemal, and external mounting. 

Theory of operation 

An Eddy current system is a matched component system which consists of a probe, an 
extension cable and an oscillator/demodulator (Figure 3.3). 

A high-frequency radio frequency (RF) signal at 2 MHz is generated by the 
oscillator/demodulator. This is sent through the extension cable and radiated from the 
probe tip. 



Modular signal 




Oscillator/demodulator 



Figure 3.3 

Proximity probe principle 



Eddy currents are generated in the surface of the shaft. The oscillator/demodulator 
demodulates the signal and provides a modulated DC voltage, where the DC portion is 
directly proportional to the gap (distance) and the AC portion is directly proportional to 
vibration. 

In this way, an Eddy current transducer can be used for both radial vibration and 
distance measurements such as the axial thrust position and shaft position. 

Number of transducers 

All vibration transducers measure motion in their mounted plane. In other words, shaft 
motion is either directed away from or towards the mounted Eddy current probe, and thus 
the radial vibration is measured in this way. 
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On smaller, less critical machines, one Eddy current transducer system per bearing is 
adequate. The single Eddy current probe measures the shaft’s vibration in that given 
plane. Therefore, the Eddy current probe should be mounted in the plane where the 
largest vibrations are expected. 

On larger, more critical machines, two Eddy current transducer systems are normally 
recommended per bearing. The probes for this type of installation are mounted 90° apart 
from each other. Since the probes will measure the vibration in their respective planes, 
the shaft’s total movement within the journal bearing is measured. An ‘Orbit’ or 
Cartesian product of the two vibration signals can be constructed when both Eddy current 
transducers are connected to an oscilloscope. 

Mounting methods 

Orientation of transducer(s) As most of the bearing housings on which probes are 
attached are horizontally split, transducers are commonly mounted at 45° on both sides of 
the vertical plane. If possible, the orientation of the transducers should be consistent along 
the length of the machine train for easier diagnostics. In all cases, the orientations should 
be well documented. 

Perpendicular to shaft centerline Care must be exercised in all installations to ensure 
that the Eddy current probes are mounted perpendicular to the shaft centerline. Deviation 
by more than 1-2° will affect the output sensitivity of the system. 

Probe side clearances The RF field emitted from the probe tip of an Eddy current 
transducer is shaped like a cone at approximately 45° angles. Clearance must be provided 
on all sides of the probe tip to prevent interference with the RF field. For instance, if a 
hole is drilled in a bearing for probe installation, it must be counter-bored to prevent side 
clearance interference. It is important to ensure that collars or shoulders on the shaft do 
not thermally grow under the probe tip as the shaft expands due to heat. 

Internal mounting During internal mounting, the Eddy current probes are mounted 
inside the machine or bearing housing with a special bracket (Figure 3.4). The transducer 
system is installed and gapped properly prior to the bearing cover being reinstalled. 
Provision must be made for the transducer’s cable protruding from the bearing housing. 
This can be accomplished by using an existing plug or fitting, or by drilling and tapping a 
hole above the oil line. 




Figure 3.4 

Internally mounted probes 
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The transducer’s cables must also be tied down within the bearing housing to prevent 
cable failure from ‘windage’. For added safety and reliability, all fasteners inside the 
bearing housing should be safety wired. 

Advan tages of internal moun ting 

Less machining required for installation. 

True bearing-relative measurement is possible. 

The Eddy probe has an unconstrained view on the shaft surface. 

Disadvan tages of in ternal mounting 

There is no access to probe while the machine is running. 

Cables must be tied down with extreme care, because they might break due to 
‘windage’. 

Transducer cable exits must be provided. 

Care must be taken to avoid oil leakage. 

Extemal/intemal mounting Extemal/intemal mounting is accomplished when Eddy probes 
are mounted with a mounting adaptor (Figure 3.5). These adaptors allow external access to 
the probe, but the probe tip itself is inside the machine or bearing housing. While drilling 
and tapping the bearing housing or cover, it is important to ensure that the Eddy probes are 
installed perpendicular to the shaft centerline. 




Figure 3.5 

External/internal mounted probes 

In some cases, due to space limitations, external/intemal mounting is accomplished by 
drilling or making use of existing holes in the bearing itself, usually at an oil-return 
groove. 

Advan tages of external/in ternal moun ting 

Eddy probe replacement is possible while machine is running. 

Eddy probe has an unconstrained view on the shaft. 

Gap may be changed while machine is running. 

Disadvan tages of external/in ternal mounting 
May not be true bearing-relative measurement. 

More machining required. 

Long probe/stinger length may cause resonance. 
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External mounting Most old turbomachines were not equipped with radial probes. The 
construction of older machines may not provide ideal installation of probes. External 
Eddy probes are mounted on such machines (Figure 3.6). It is usually a last resort 
installation. 
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Figure 3.6 

Externally mounted probes 

The only valid reason for using this method is inadequate space available within the 
bearing housing for internal mounting. Special care must be given to the Eddy probe 
viewing area, and mechanical protection must be provided to the transducer and cable. 

Advan tages of external moun ting 

It is the most inexpensive installation. 

Disadvan tages of external moun ting 

It may record electrical and/or mechanical runout of the shaft. 

Requires mechanical protection. 

Target material/target area 

Eddy current transducers are normally calibrated for 4140 (Carbon Steel) steel unless 
otherwise specified. Because Eddy currents are sensitive to the permeability and 
resistivity of the shaft material, any shaft material other than 4000 series steels must be 
specified at the time of order. In the case of another kind of shaft material, the probe 
supplier might require a sample of the shaft material. 

Mechanical runout 

Eddy current transducers are also sensitive to the shaft smoothness for radial vibration. 
A smooth (ground/polished) area approximately three times the diameter of the probe 
must be provided for as a viewing area. The selected journal area on most shafts is wider 
than the bearing itself, allowing for probe installation directly adjacent to the bearing. 

Electrical runout 

Since Eddy current transducers are sensitive to the permeability and resistivity of the 
tai'gct material and also because the field of the transducer extends into the surface area of 
the shaft by approximately 0.4 mm (15 mils), care must be taken to avoid non-homogeneous 
viewing area materials such as chrome. Another form of electrical runout can be caused 
by small magnetic fields, such as those left by magna-fluxing without proper degaussing. 
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Calibration 

All Eddy current systems (probe, cable and oscillator/demodulator) must be calibrated 
prior to commissioning. This is done using a static calibrator, -24 V DC power supply 
and a digital voltmeter. The probe is installed in the tester with the target set against the 
probe tip. The micrometer with the target attached is then rotated away from the probe in 
increments of 0.1 mm (or 5 mils). The voltage reading is recorded and plotted at each 
increment. The graph obtained for the specified range should be linear. 

Probe to target gap 

When installed, Eddy current probes must be gapped properly. In most radial vibration 
applications, adjusting the gap of the transducer to the center of the linear range is 
adequate. For example, as shown in Figure 3.7, a gap set for -12.0 V DC using a digital 
voltmeter would correspond to an approximate mechanical gap of 1.5 mm (or 60 mils). 




Figure 3.7 

Typical calibration cun>e 

The voltage method of gapping the probe is recommended above mechanical gapping. 
In all cases, final probe gap voltage should be documented and kept in a safe place. 

Proximity probes typically have a sensitivity of 10 mV/pm (or 200 mV/mil) with an 
approximate linear range of 2-2.5 mm (or 80-100 mils). 

Proximity probes are set at -8 to -9 V, which creates a clearance of 1.0-1. 3 mm. This 
voltage setting will place the probe in the middle of its linear range, thus allowing the 
probe to sense movement in the positive direction and in the negative direction. 

Proximity probes should be located at the bearing, and no further than 25 mm (or one 
inch) axially from the bearing towards the center of the shaft. 

Conversion of vibrations to electrical signal 

Vibration transducers convert the physical vibration motion of a machine into an 
electrical signal. However, this signal in the raw form is of no use unless it is processed to 
provide meaningful information that can be related to machine condition. Thus, there is a 
need for monitoring equipment that can take such an electrical signal from a transducer 
and process it into meaningful data. 

Also, in the earlier topics, we have discussed the adoption of various maintenance 
philosophies applied in process plants or on the shop floor, based on the equipment 
classification. The type of monitoring methods to be used for each different machine is also 
based on the above rationale. Once the machinery monitoring needs are established, the 
next step is to select suitable monitoring equipment that fulfills these requirements the best. 





40 Practical Machinery Vibration Analysis and Predictive Maintenance 
The various options commercially available are: 

• Handheld vibration meters and analyzers 

• Portable data collectors/analyzers 

• Vibration analysis/database management software 

• Permanent online data acquisition and analysis equipment. 



3.3.1 Handheld vibration meters and analyzers 

A handheld vibration meter is an inexpensive and simple -to-use instrument that is an 
essential part of any vibration program. Plant operators and vibration technicians carry 
handheld meters and analyzers on their routine rounds. 

When these are held in contact with machinery, they provide a display of vibration 
levels (either analog or digital). The readout provides immediate information that can be 
used to determine if the overall vibration levels are normal or abnormal. Handheld 
vibration meters are typically battery powered and use an accelerometer for sensing. 
Sometimes a velocity pickup is used. They are small, lightweight and rugged for day-to-day 
use (Figure 3.8). 

Handheld meters can provide the following data (depending on the specific model): 

• Acceleration (pk) (g) 

• Velocity (pk-rms) (mm/s or in./s) 

• Displacement (pk-pk) (microns or mils) 

• Bearing condition (discussed later) (gSE, dB and others). 

Advantages 

They are convenient and flexible, and require very little skill to use. It is an inexpensive 
starting point for any new condition-monitoring program. 

Disadvantages 

Limited in the type of measurements that they can perform. They also lack data storage 
capability (however, some instruments are now available with some limited storage 
capacity). 




Figure 3.8 

Handheld vibration meter from Vibrotip 
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Collecting and reporting vibration data - handheld meters 

Handheld vibration measurements are quite common. This data acquisition method is 
rapid, convenient and demands minimal skills. The first step is to identify the positions on 
the machine from where measurements should be taken. 

Mechanical vibrations have an analogy to an electrical current. Just as an electric 
current would tend to go to earth, vibrations caused by defects in rotating machinery 
would travel to the ground through its supports. It has been shown that bearings are the 
location where the vibrations ‘jump’ from the rotor to the stator to ultimately get 
grounded. Thus, it is at the bearings where the best signals for condition monitoring can 
be measured and hence these are generally the best positions for vibration measurements. 

It is always necessary to follow a convention for labeling the various bearings of a 
machine train from where measurements were made. The general convention is to start 
labeling from where the power comes in. For example, a simple machine train consisting 
of a motor and pump will be labeled in the following manner (Figure 3.9): 

• Motor non-drive end bearing - A 

• Motor drive end bearing - B 

• Pump outboard bearing (next to the coupling) - C 

• Pump inboard bearing (away from coupling) - D. 

Once the bearings are labeled, it is important that vibrations are taken in the three 
Cartesian directions. In vibration nomenclature, these are the vertical, horizontal and axial 
directions. This is necessary due to the construction of machines - their defects can show 
up in any of the three directions and hence each should be measured. 




Figure 3.9 

Bearing naming nomenclature 



Vibration level reporting is generally done in the manner shown below. 
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Handheld measurements are subject to a number of errors. It is thus important that 
personnel carrying out this task are aware of the possible errors that can occur while 
taking measurements. Errors can occur due to: 

• Position on machinery 

• Probe angle 
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• Probe type 

• Mounting method of sensor (or pressure applied if handheld). 

Position on machinery 

Measurements should be taken at exactly the same location to enable direct comparisons 
of data sets. Moving the probe only a small distance on a machine can produce drastically 
different vibration levels. To ensure measurements are taken at the same spot, it should be 
marked with paint, or a shallow conical hole should be drilled for identification. 

Probe angle 

The sensor or the probe should always be oriented perpendicular to the machine surface. 
Tilting the probe slightly at an angle may induce an error. 

Probe type 

Some handheld meters are supplied with probes (called stingers) and also round magnets, 
which can be screwed into velocity transducers or accelerometers. Measuring vibration 
with magnetic attachments can collect higher vibration frequencies than what can be 
measured with handheld probes. When collecting vibration data on a machine generating 
high frequencies with a handheld meter, changing the probe type will show a drastic 
difference in the overall levels. 

Pressure 

Even and consistent pressure of the hand is required to get comparable readings with 
handheld meters. 

3.3.2 Portable data collectors/analyzers 

Modern data collectors/analyzers can provide information of any vibration characteristics 
in any desired engineering unit. There are basically two types of data collectors and 
analyzers (Figure 3.10): 

• Single channel 

• Dual channel. 




Figure 3.10 

Commercially available data collectors/analyzers with accessories kit 
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3.3.3 



Advantages 

Can collect, record and display vibration data such as FFT spectra, overall trend plots 
and time domain waveforms. 

Provides orderly collection of data. 

Automatically reports measurements out of pre-established limit thresholds. 

Can perform field vibration analysis. 

Disadvantages 

They are relatively expensive. 

Operator must be trained for use. 

Limited memory capability and thus data must be downloaded after collection. 

Vibration analysis - database management software 

The data collector/analyzer can collect and store only a limited amount of data. Therefore, 
the data must be downloaded to the computer to form a history and long-term machinery 
information database for comparison and trending. To perform the above tasks, and also 
aid in collection, management and analysis of machinery data, database management 
software packages are required. 

These database management programs for machinery maintenance store vibration data 
and make comparisons between current measurements, past measurements and pre- 
defined alarm limits. Measurements transferred to the vibration analysis software are 
rapidly investigated for deviations from normal conditions. Overall vibration levels, 
FFTs, time waveforms and other parameters are produced to help analyze these vibration 
changes. 

Reports can be generated showing machines whose vibration levels cross alarm 
thresholds. Current data are compared to baseline data for analysis and also trended to 
show vibration changes over a period of time. Trend plots give early warnings of possible 
defects and are used to schedule the best time to repair (Figure 3.1 1). 

In addition, the software helps to determine a route for data collection. The positions 
from where data should be collected can be configured to form an efficient sequence. 
This sequence or route is then downloaded to the data collector and can then help the 
operator in the field to determine which measurement position should be taken next. This 
ensures that all the necessary data are collected in the least possible time and in the same 
sequence every time. 

Besides the route data, off-route vibration measurements made by the data collectors/analyzers 
for diagnosing machine condition can also be downloaded in the program for history, trending 
and analysis purposes. 

Advantages 

They aid in data collection, management and analysis of machinery data. 

They can save long-term machinery data that help to compare present and past 
condition-monitoring data. 

They assist in vibration analysis. 

They provide user-friendly reports. 

Disadvantages 

The software programs are expensive, with sometimes almost the same cost as the data 
collector/analyzer hardware. 

They must be configured for individual requirements. A lot of information is required 
as initial input. 
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Programs from a particular supplier are not compatible with other brands of data 
collectors/analyzers and their programs. Currently there are efforts to resolve this, but 
up to date it remains a problem. 
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Figure 3.11 

Typical database management software output (source: Entek EMONITOR Odessy brochure) 



3.3.4 Online data acquisition and analysis 

Critical machines, as defined in the earlier topics, are almost always provided with 
continuous online monitoring systems. Here sensors (e.g. Eddy current probes installed in 
turbomachinery) are permanently installed on the machines at suitable measurement 
positions and connected to the online data acquisition and analysis equipment. The 
vibration data are taken automatically for each position and the analysis can be displayed 
on local monitoring equipment, or can be transferred to a host computer installed with 
database management software. 

Because monitoring equipment are permanently connected to the sensors, intervals 
between measurements can be short and can be considered as continuous. This ability 
provides early detection of faults and supplies protective action on critical machinery. 
Protective action taken by online data acquisition and analysis equipment is in the form of 
providing alarms to warn the operators of an abnormal situation (Figure 3.12). In cases of 
serious faults, this protective action can shut down machines automatically to prevent 
catastrophic failures. 

Transferring the information to a host computer with database management software 
enhances the convenience and the power of online data acquisition. It is also possible to 
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Figure 3.12 

Data acquisition software output ( source : Bently Nevada - Machinery Asset Management software brochure) 



connect multiple local monitoring units that can send data from different machines to a 
central host computer. Thus, machines at various physical locations can be monitored 
from one location. Also, information can be transferred from the host computer to the 
local monitoring unit for remote control (see Figure 3.13). 

Vibration analysis/database management software can also be networked to multiple 
computers with the local area network (LAN) or a wide area network (WAN) to allow 
multiple users to perform condition monitoring of the machines. 

Advantages 

Performs continuous, online monitoring of critical machinery. 

Measurements are taken automatically without human interference. 

Provides almost instantaneous detection of defects. 

Disadvantages 

Reliability of online systems must be at the same level as the machines they monitor. 
Failure can prove to be very expensive. 

Installation and analysis require special s ki lls. 

These are expensive systems. 



3.3.5 Knowledge-based information systems 

In addition to the basic software mentioned above, there are also knowledge -based 
information computer programs available commercially that utilize principles of artificial 
intelligence (AI). Using the experience of vibration analysts, information from the 
machine design and its vibration characteristics, these systems automatically analyze and 
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assess the machine condition. After assessing the information, the software can provide a 
diagnosis of possible problems in a machine, the severity of the problem and can even 
recommend actions that can alleviate the detected problem. 
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Figure 3.13 

A typical online monitoring system (source: Bently Nevada - Machinery Asset Management software brochure ) 

Often called expert systems, these systems require information of the machine being 
analyzed and its characteristics in order to build a mathematical model of the machine. The 
model is then stored and used by the expert system to analyze current data and predict a 
pending problem. The system studies the symptoms of the machine and makes 
recommendations in order of confidence factors with respect to the severity of the problem. 
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Expert systems analyze current data and compare it with historical data to search for 
any changes. The systems then assess the severity of significant changes using absolute 
thresholds, statistical limits and the rate of change in the calculations. A series of proven 
rules are then applied to the data. Finally, all rule violations are combined to produce a 
probability that the diagnosis is correct. 

3.3.6 Phase measurement systems 

The data acquisition techniques discussed earlier were related to the measurement of 
vibration motion, and especially related to the amplitude of the vibration. A very 
important aspect of the vibration wave, next to its amplitude and frequency, is the phase 
relationships. In vibration analysis, the phase difference between two different waveforms 
is utilized for many different applications, for example machinery defect diagnosis. 

Phase can be measured in many ways, and some are discussed below. It should be noted 
that in vibration analysis, phase measurement instruments are used in conjunction with 
the analyzers. The analyzer picks up the vibration waveform, and the following 
instruments can provide phase and rpm information: 

• Stroboscopes 

• Dual channel analyzers 

• Photocells (phototachometers) 

• Electromagnetic and non-contact pickups (keyphasors/shaft encoders). 

Stroboscopes 

Stroboscopes are normally a part of the accessories kit supplied with a vibration analyzer, 
but they are available as separate instruments as well. Stroboscopes have a high-intensity 
light that is flashed at a certain frequency, triggered internally or by the vibration 
analyzer. It provides a visual method for observing phase differences (Figure 3.14). 




Figure 3.14 

Stroboscope ( source : Monarch Stroboscopes) 

To obtain a phase difference reading, a reference mark is made on the rotor. A keyway 
or a notch that can be easily viewed is also a good reference. Another method is to make 
an angular scale with markings from 0 to 360° on the shaft. This makes phase readings 
with the smallest error possible. The stroboscope is triggered by the lx rpm vibration 
signal from the analyzer, and the reference mark appears to be stationary at some angular 
position. This angular position is then recorded. 
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Subsequently, the vibration probe is fixed at another position. The strobe is again 
triggered by the lx rpm vibration at this position. The reference mark will now, 
depending on the situation, appear stationary at the same or some other angular position. 
This reading is also recorded. The phase difference between the two positions on the 
machine where the vibration probes were placed is given by the difference of the angular 
positions of the reference marks as observed with the strobe. 

In some cases, only a portion of the shaft may be visible, as just a side view from the 
coupling guard. In cases where only half of the shaft circumference is visible, a single 
reference may be inadequate, especially when the reference mark is on the hidden side. In 
these cases, two marks can be made, for example a small ‘o’ and ‘x’ 180° apart. 

It should be stated that this method is only reliable for general phase comparisons 
because it is a visual method and thus approximate. For a more accurate phase reading, a 
tape marked with angular degrees is applied around the circumference of the shaft. 
However, even this is a bit cumbersome when the shaft diameter is small. 



Advantages 

Stroboscopes are lightweight, easy to use and portable. 

They can be used individually to measure rpm, by using an internal trigger to make the 
shaft appear stationary. The frequency of the trigger is the same as the rotational speed 
of the shaft. 

Loose coupling bolts, damaged coupling shims and other defects can be observed by 
‘freezing’ the assembly with strobes. 

Some strobes can act as external triggers just like photocells, laser tachometers or 
keyphasors. 



Disadvantages 

Machines that do not have a reference notch or keyway must be stopped to provide 
one. This may be difficult in continuous process plants. 

It can only provide phase difference for lx rpm vibrations. If, for example, the 
vibration of interest is 2x rpm, the strobe will flash twice during one rotation of the 
shaft and the reference mark will appear in two positions. This is a problem even with 
sub-harmonics and higher harmonic vibrations. 

It is rather difficult to obtain accurate phase readings in degrees. 

Extreme caution is required to use strobes in hazardous areas. 

To read the phase, one has to be in close proximity of the machine. 

Dual channel analyzers 

A single channel analyzer can only accept an input from one accelerometer at a time, 
whereas a dual channel instrument (Figure 3.15) can accept inputs from two accelerometers 
simultaneously from different locations on the machine. Thus, two vibration waveforms 
can be collected from a machine and analyzed. As we shah see later, this can provide 
very meaningful vibration data. 



Advantages 

The biggest advantage is that there is no need for reference marks on the shaft. As a 
result, there is no need to shut down the machine to provide the marks. 

The phase differences obtained are very accurate. 

It can provide phase differences at any frequency. 
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Figure 3.15 

Dual channel analyzer 

Disadvantages 

The dual channel model of analyzer is more expensive than single channel analyzers. 

Photocell 

Whenever accurate or remote readouts of phase are required, a photocell detector, an 
electromagnetic or non-contact pickup may be used. These are usually installed within 
close proximity of the shaft (Figure 3.16). As with stroboscopes, a reference mark on the 
shaft must be provided to trigger these pickups. A photocell detector responds to the 
reflectivity of the target. One very common way is to wrap the shaft with a black tape 
(e.g. electrical insulation tape) and then stick a thin reflective across the tape, or paint a 
white line on the tape. The objective is to provide an abrupt change in reflectivity of the 
target area of the photocell during each revolution of the shaft. 




Figure 3.16 

Photocell kit 
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The photocell is somewhat similar in principle to the stroboscope, except that its 
electronics remove the manual component. A steady light source, rather than a strobo- 
scopic light source, is transmitted from the device. A photo detector (or photocell) 
produces a pulse each time light is reflected from a reflective surface on the rotating shaft 
(the reflective tape). All phase measurements are made relative to the reflective tape, 
which is treated as zero degrees. Since the reflected light produces one pulse per 
revolution, the shaft rotation rate can also be determined easily (Figure 3.17). 




Figure 3.17 

Photocell principle 



Electromagnetic and non-contact pickups (keyphasor) 

With the non-contact probe or electromagnetic pickup, the shaft should have a notch, 
depression, key or keyway. A temporary method is to attach a key around the shaft with a 
high-strength tape to hold the key in place. This is not recommended for high-speed shafts. 

In an electromagnet pickup sensor (Figure 3.18), the output voltage changes to indicate 
that the reference feature has passed. This output voltage pulse change is then compared 
with the occurrence of maximum vibration amplitude to determine the phase difference at 
different locations. The photocell and keyphasor cannot indicate phase readings on their 
own. They must transmit their data to an analyzer or oscilloscope for analysis. 



Keyphasor 




Figure 3.18 

Keyphasor 

Unlike with the stroboscope, it is possible to determine phase at 2x rpm and lower and 
higher harmonics with these instruments. A reference signal at the desired frequency is 
required to achieve this. Thus, if it was desired to monitor the 2x rpm phase, two 
reference marks must be provided on the shaft. In this way, two triggers will be generated 
per revolution, and the analyzer will trigger at the 2x rpm and consequently the phase 
reading will be at 2x rpm. 
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Where sub-multiple or non-harmonic -related vibration frequencies must be compared, a 
reference vibration pickup and a reference vibration analyzer with a tuneable filter can be 
used to provide a reference signal at any desired frequency of vibration. 

3.3.7 Torsional vibrations 

Torsional vibrations are similar to lateral vibrations that were discussed in the earlier 
sections. Every mechanical system that rotates and transmits power is subject to some 
kind of torsional behavior. The three important kinds of torsional behavior that are mostly 
referred to for analyses are: 

1 . Changes in revolution 

2. Torsional vibration 

3. Transmission error. 

Torsional vibrometers to measure the above-mentioned phenomena are also described 
briefly below. 

Changes in revolution 

For every rotation, any point on the circumference of a shaft has to cover an angular 
distance of 360° to complete one rotation. The rate at which it rotates is called the angular 
velocity. Most of us believe that it occurs almost uniformly. However, this is not the case 
in many situations. 

Let us assume the shaft speed is 1 rpm. Let us break the journey of any point on the 
circumference of the shaft into four sectors, 90° apart from each other. If the angular 
velocity is uniform, then each sector should be covered in 1 5 s exactly. Instead, say the 
first sector is covered in 10 s, the next in 20 s; the third is covered again in 10 s and the 
final section in 20 s. Thus, in one cycle the angular velocity increases and decreases, 
giving rise to what is known as changes in revolution. 

To measure this change in revolution, a high-resolution rotary encoder is used. The 
output signal from the encoder is converted from frequency to voltage (F-V) at high 
speeds, pulse by pulse, to determine the changes in each revolution (Figure 3.19). 





Figure 3.19 

Angular velocity vs revolutions 
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Torsional vibrations 

Torsional vibration represents changes in the relative angular displacement between two points 
on a rotating shaft. Select two collinear points on the circumference of a stationary shaft. When 
the shaft begins to transmit power, it can twist and then there is no longer a straight line 
joining the two points. This line could then be slanted or spiral in shape (Figure 3.20). 

Normally, a pair of electromagnetic revolution sensors is used for this measurement. 
The vibrometer measures the torsion that develops between the driving and load sides of 
the shaft as torsional phase difference. The phase difference obtained is F-V (frequency 
to voltage) converted at high speeds and processed using frequency calculations to 
determine the torsional vibration. 
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Figure 3.20 

Torsional vibration 



Transmission error 

Consider a multi-shaft-rotating machine. A transmission error is the lead or lag in the 
rotational angle at the upstream and downstream locations of a power transmission unit. 
This is measured with the phase difference between the upstream and downstream 
locations of a power transmission in a manner similar to the detection of torsional 
vibration as discussed earlier. The per-pitch transmission error is determined from the 
phase difference, and then processed by frequency calculations to determine the 
transmission error (Figure 3.21). 

In a multi-shaft system where gears, belts and chains are interconnected, torsional 
vibrations can occur due to transfer error resulting from poor machining accuracy, a 
deformity in the power transmissions or a change in the revolution of the rotating parts. 
Normally, revolution changes, torsional vibration and transmission errors are intermingled 
in a complex manner. A variety of adverse effects develop in systems which experience 
these changes, such as: 

• Increase in vibration and/or noise 

• Deterioration in the positioning accuracy 
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• Deterioration in the feed accuracy 

• Breakdowns due to fatigue. 

Thus, in any rotating system comprising of rotating parts and power transmissions, it is 
important to measure these three parameters: revolution change, torsional vibration and 
transmission error in order to analyze the cause-and-effect relationships. 
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Figure 3.21 

Determining transmission error 



Torsional vibrometer 

Using a dual-sensor system, torsional vibrometers (Figure 3.22) can optically detect 
rotational pulses, measure changes in the angular displacement and analyze torsional 
vibrations by simply attaching a striped tape onto the rotating shaft under consideration. 
The FFT analyzer built into the main unit enables frequency analysis tracking analysis 
and printing of analysis results in the field. 




■ I . 




Figure 3.22 

Torsional vibrometer (source: Ono Sokki, Japan Technical Report, website) 

In the torsional vibration schematics shown before, assume that it is not possible to 
measure the relative displacement between two points. The component of torsional 
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vibration can be analyzed, however, from the changes in angular displacement by simply 
sticking a striped tape at a particular position on the object. 

3.4 Conclusion 

Thus, this topic encompasses the way in which a machine’s vibration motion is captured 
using transducers and converted into electrical signals. These signals are then collected 
with data collectors/analyzers which process the signals. Transformation of the electrical 
signal to its components by the analyzers, and information and documentation related to 
vibration data form a part of the signal processing. 

The processing of these signals is the basis of study in the next topic. After processing 
the signals, analyzers can give an output of more meaningful data that can be correlated 
with defects arising in machines or their components. 




4 

Signal processing, applications 
and representations 



4.1 The fast Fourier transform (FFT) analysis 

The vibration of a machine is a physical motion. Vibration transducers convert this 
motion into an electrical signal. The electrical signal is then passed on to data collectors 
or analyzers. The analyzers then process this signal to give the FFTs and other 
parameters. We will take a brief look at the processing of the signals, which finally 
provide us with the necessary information for condition monitoring. To achieve the final 
relevant output, the signal is processed with the following steps: 

• Analog signal input 

• Anti-alias filter 

• A/D converter 

• Overlap 

• Windows 

• FFT 

• Averaging 

• Display/storage. 

Before we can discuss the above-mentioned digital signal processing steps, we need to 
take note of a few more terms and concepts. 

4.1.1 Fourier transform 

A vibration or a system response can be represented by displacement, velocity and acceleration 
amplitudes in both time and frequency domains (Figure 4.1). 

Time domain consists of amplitude that varies with time. This is commonly referred to 
as filter-out or overall reading. 

Frequency domain is the domain where amplitudes are shown as series of sine and 
cosine waves. These waves have a magnitude and a phase, which vary with frequency. 

The measured vibrations are always in analog form (time domain), and need to be 
transformed to the frequency domain. This is the purpose of the fast Fourier transform 
(FFT). The FFT is thus a calculation on a sampled signal. If FFT is a calculation on a 
sampled signal, the first question that arises is: how do we determine the sampling rate? 
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Figure 4.1 

Fourier transform 

Sampling rate 

Sampling is the process of recording the amplitude of a wave at given instants, and then 
generating a curve from the recorded points. Thus, the collected discrete sampled data 
points (digital) are used to reconstruct the wave, which was originally in an analog form. 
If the reconstructed digital wave has to look similar to the original wave, how fast should 
we record the amplitude, or in other words, take samples so that the digitized wave is an 
exact replica of the original analog wave? 

The answer lies in the Nyquist sampling theorem, which states: ‘If we are not to lose 
any information contained in a sampled signal, we must sample at a frequency rate of at 
least twice the highest frequency component of interest.’ 

Figure 4.2 shows a case where the sampling rate is less than double the wave frequency. 
We can see that four sample intervals collected in 3 ms will result in a reconstructed wave 
(dotted) as shown in the figure. This wave is of a lower frequency and not at all a true 
representation of the actual wave. 

This phenomenon of formation of a lower-frequency wave due to undersampling is called 
aliasing. All data collectors/analyzers have automatically selected built-in sampling rates to 
ensure that no aliasing occurs. In theory, there should be no vibrations with frequencies of 
more than half of this sampling rate. However, this can never be ensured in practice. 

Therefore all analyzers are fitted with anti-aliasing filters. These are low-pass electronic 
filters, which allow low frequencies to pass but block higher ones. The filters remove all 
vibrations in the analog signal that have frequencies greater than half the sampling rate. These 
filters are automatically tuned to the proper values as the sampling frequency is changed (this 
occurs when the frequency range of the analyzer is changed by the user). It is very important 
to note that filtering has to occur before digitisation of the analog commences. 
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Example of undersampling 



4.1.2 Analog to digital converters 

The vibration waves collected by transducers are analog signals. Analog signals must be 
converted to digital values for further processing. This conversion from an analog signal 
to a digital signal is done by an Analog to Digital (A/D) converter. The A/D conversion is 
essentially done by microprocessors. Like any digital processor, A/D conversion works 
in the powers of two (called binary numbers). A 12-bit A/D converter provides 
4096 intervals whereas a 16-bit A/D converter would provide 65 536 discrete intervals 
(Figure 4.3). 




Figure 4.3 

Analog to digital converters 
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The greater the number of intervals, the better is the amplitude resolution of the signal. 
A 12-bit A/D converter would result in a resolution of 0.025% of the full scale, whereas a 
16-bit A/D converter would yield a resolution of 0.0015%. It is thus possible to collect a 
signal with large and small amplitudes accurately. 



4.1.3 Windowing 

After the signal was digitized using an A/D converter, the next step in the process (before 
it can be subjected to the FFT algorithm) is called windowing. A ‘window’ must be 
applied to the data to minimize signal ‘leakage’ effects. Windowing is the equivalent of 
multiplying the signal sample by a window function of the same length. 

When an analog signal is captured, it is sampled with fixed time intervals. Sampling fixed 
time intervals can cause the actual waveform to get truncated at its start and end. The results 
obtained can vary with the location of the sample with respect to the waveform’s period. 
This results in discontinuities in the continuous waveform. Windowing fills the 
discontinuities in the data by forcing the sampled data to zero at the beginning and at the 
end of the sampling period. 

Figure 4.4 shows the effects of windowing. Windows can be thought of as a way to fill 
in the discontinuities in the data by forcing the sampled data to zero at the beginning and 
end of the sampling period (or time window), thereby making the sampled period appear 
to be continuous. When the signal is not windowed and is discontinuous, a ‘leakage error’ 
occurs when the FFT algorithm is applied. 




Data periodic within 
sampled window 




These are sampled periods 



Figure 4.4 

The principle of windowing 
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The FFT algorithm sees the discontinuities as modulating (varying) frequencies and it 
shows as sidebands in the spectrum when none of these frequencies are actually present 
in the signal. The usage of windows also affects the ability to resolve closely spaced 
frequencies while attempting to maintain amplitude accuracy. Flowever, it is possible to 
optimize one at the expense of the other. 

There are many window functions. Some used in vibration signal processing are: 

1 . Rectangular (basically no window) 

2. Flat top 

3. Hanning 

4. Hamming (Figure 4.5) 

5. Kaiser Bessel 

6. Blackman 

7. Barlett. 

Generally, only the first three window functions mentioned above are available in most 
analyzers. 




Here a WINDOW function is applied - 
example - HANNING WINDOW 




Now the FFT algorithm sees this . . . 



Figure 4.5 

Window functions 



When application of the flat top window is compared to when no window (rectangular 
window or uniform) is applied, a ‘broader’ peak is observed in the FFT. The Hanning 
window also results in broadening of the peak, but to a lesser extent than the flat top. 
Discerning between two very close frequencies becomes very difficult due to the 
broadness of the peaks. When the intent is to identify the presence of a signal component 
(a peak) at a specific frequency, it is best to apply a rectangular window to do the 
analysis. But, if the magnitude of the peak is important, the flat top window is clearly the 
best (Figure 4.6). 

Obviously, neither rectangular nor flat top is the best solution. The real solution 
depends on the puipose of the analysis. For most applications, the best solution actually 
means processing the data in a number of different ways. For a first result, a Hanning 
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window is optimal and is usually selected by default, as it provides good amplitude 
resolution of the peaks between bins as well as minimal broadening of the peak. 
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A comparison of the FFT outputs 
with the use of different Window functions 
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Figure 4.6 

Comparison of FFT output 



4.1.4 Lines of resolution, F-max, bandwidth 

After calculation of the FFT on the digital signal, the frequency domain of the signal 
can be displayed on the collector/analyzer screen. The FFT is a spectrum of amplitude 
vs frequency. The resolution is the number of lines (or bins) that are used to display 
the frequency spectrum. The number of lines could be 200, 400, 800, 1600, 3200, 
6400 and 12 800. F-max is the maximum frequency selected on the analyzer by the 
user when the data are collected. Bandwidth is calculated by dividing the F-max by 
resolution. 

It can now be deduced that when resolution is high there is a better distinction between 
frequency peaks. Selection of F-max upon collecting data requires experience. If F-max is 
set too high, the bandwidth gets larger and resolution is affected. On the other hand, if the 
F-max is set too low, valuable high-frequency vibration data could be lost. 

Furthermore, some may find it amusing to know that the time required for collecting the 
data varies inversely with F-max. The higher F-max, the quicker the FFT can be 
displayed. This is due to a fixed mathematical relationship between sampling rate and the 
number of bins in the FFT. As a general guideline, the following advice is provided to 
select F-max values: 

• For general rotating machinery likes pumps, fans, blowers and motors, set the 
F-max to 20x or 40x, where X is the running speed. 

• When measuring vibrations on gearboxes, the F-max setting should be at least 
three times higher than the gear mesh frequency, where the gear mesh 
frequency is the number of teeth of pinion and gear times their respective 
running speeds. 
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• However, if an analysis on a machine is conducted for the first time, it is advisable to 
begin by taking two spectra, one at lOx the running speed and another at lOOx 
running speed. This is to ensure that no important frequencies are lost in the high- or 
low-frequency zone. Once the range of the suspicious frequencies is noted, the 
F-max setting should be selected accordingly. 

4.1.5 Averaging 

Averaging is another feature provided in analyzers/data collectors. The purpose is to 
obtain more repeatable results, and it also makes interpretation of complex and noisy 
signals significantly easier. There are various types of averaging: 

• Linear averaging 

• Peak hold 

• Exponential 

• Synchronous time averaging. 

Linear averaging 

Each FFT spectrum collected during a measurement is added to one another and then 
divided by the number of additions. This helps in obtaining repeatable data and tends to 
average out random noise. This is the most commonly used averaging technique. The 
spectra are typically averaged 2, 4, 8, 16 or 32 times, but any number could be used. 

Peak hold 

With this method, the peak value in each analysis cell is registered and then displayed. In 
other words, it develops an envelope of the highest spectral line amplitude measured for 
any average. This technique is used for viewing transients, such as coastdowns or random 
excitations that may be required during stress analysis studies. 

Exponential 

In this method, the most recent spectra taken are considered to be more important than older 
ones, and thus given more mathematical weight when adding and averaging them. This is 
used for observing conditions that change very slowly with respect to sampling time. 

Synchronous time 

This method uses a synchronising signal from the machine under investigation, and is 
used for averaging in the time domain. The synchronising signal is usually in the form of 
a pulse generated by a photocell or an electromagnetic pickup at a reference position on 
the shaft circumference. The vibration samples can in this way be taken at the same 
instant with respect to shaft rotation during averaging. 

Non-synchronous vibrations in the system are effectively nullified by this method. The 
method is generally used if a machine has many rotational components rotating at 
different speeds. Thus, the vibrations synchronous with the synchronising signal are 
emphasized while others are averaged out. 

4.1.6 Overlap 

Consider the following example: If there is a need to collect and analyze a frequency 
range of 1 kHz, the data collection time (also known as the time window) for collecting 
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1024 samples could be exactly 40 ms. The FFT processor (Figure 4.7) can calculate and 
display a spectrum in 10 ms, after which it encounters an idle duration of 30 ms until the 
acquisition of the next block is completed. 
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Figure 4.7 

FFT data processor 



Once the first block is collected, rather than waiting for the next block to be fully 
collected, it is possible to proceed and calculate a new spectrum by using part of the data 
from the new block and part of the data from the old block. If the process under 
consideration is stationary (not varying with time), the data from the two blocks can be 
averaged. 

Considering the example mentioned above, we could initiate a new FFT calculation by 
using 75% of the previous block and 25% of the new one. We would then be performing 
a 75% overlap processing and our apparent processing time (after the first block) would 
be 10 ms per spectrum, rather than 40 ms. The method of overlapping becomes even 
more significant when we are operating at very low frequencies, or when we want to 
calculate many spectral averages. 

For example, let us assume we are collecting data in a 100-Hz frequency range and 
wish to calculate 16 averages. The data collection time is 4 s, and without overlap 
processing we will need 64 s. With 75% overlap, we need 4 s for the first block and 1 s 
for each successive one, or4xl + lxl5 = 19sto perform the same task. A considerable 
amount of time can be saved during data collection by the use of overlapping. The 
method enables more efficient use of the collected data. 



4.1.7 Display/storage 

FFT analyzers have LCD screens and built-in memory. This enables it to display the 
processed signals almost immediately after digitisation. The user can subsequently 
download this data to the host computer. Some special display modes that are available 
with modern analyzers are: 

• Frequency bands/alarms 

• Waterfalls. 
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Frequency bands/alarms 

In this type of display, the FFT spectrum is sub-divided into six regions called bands, 
each of which has its own alarm limit. This provides the user with the ability to gather 
information and set alarm limits based on component defects. For example, a region or 
band of an FFT spectrum can be set up to monitor bearing defect frequencies. There is a 
trend among some of the vibration tolerances towards filtered vibration limits based on 
frequencies and harmonics. As a general rule, vibration levels tend to decrease as 
frequency increases with rotating machinery. 

Normally two types of band alarms are used. One is based on the peak amplitude within 
the band and the other is based on the total destructive energy content within the band. 
Some of the vibration standards organisations have developed very good alarm guidelines 
for the different bands of FFT spectra, depending on the type of machinery. 

These alarm bands are usually automatically incorporated when loading the machine 
data in the software associated with the analyzers. This data gets loaded onto the 
analyzer, along with the route data in which the machine information is supposed to be 
collected. 



Waterfalls 

The waterfall is a special display of the FFTs collected on the same position on a machine 
over a period of time. Each FFT is plotted one after the other giving an impression of a 
waterfall of FFTs. This kind of display makes it very easy to view variations in 
amplitudes of any frequency over the entire range. Spectral data stored in analyzers 
would tend to use too much of the precious memory and it is therefore better to download 
FFTs to a host computer and use the computer software to display waterfall plots. 
Examples of waterfall plots are shown in Figure 4.8. 




Figure 4.8 

Wateifail plot of high-speed steam turbine drive end bearing 
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The first one is of a blower belt driven by a motor. It has an overhung cantilever type of 
rotor. The waterfall plots enable a comparison of the present FFT with earlier ones. In this 
case, the old data were collected nearly two years before the new data. From this plot, it 
can be easily seen when a rotor was removed for balancing! 

The second plot is data from a high-speed steam turbine with water-cooled supports. 
Peaks developing due to misalignment are clearly visible. Through the waterfall plot, we 
can keep track of this defect and be warned if the concerned frequencies grow 
abnormally. As shown, harmonics can be marked on the plot for quick identification. 

4.2 Time waveform analysis 

A time waveform is the time domain signal. In vibration terms, it is a graph of 
displacement, velocity or acceleration with respect to time. The time span of such a signal 
is normally in the millisecond range (Figure 4.9). 




Figure 4.9 

Time waveforms 

Time waveforms display a short time interval of the raw vibration. Though not as 
versatile as the FFT, it still has particular applications and can provide clues of a 
machine’s condition that may not be evident in the frequency spectrum. The analysis of 
the time waveform is not a new technique. In the early days of vibration analysis, time 
waveforms were viewed with oscilloscopes and frequency components calculated 
manually. The relationship between frequency and time is: 




where /is the frequency in Hz (cpm) and T the time period in seconds, which is required 
to complete one cycle of the wave. 

Thus, reading this raw data on an oscilloscope or on modern analyzers, the cycles over 
a period of time T can be counted to estimate the frequency that will be obtained. In most 
of the cases, the time waveform is quite complex and it is almost impossible to count 
cycles to determine frequency content. However, time waveform study is not meant for 
frequency calculations and in most cases an FFT calculation is more suitable. 

The most common use of time waveform data is to compare the waveform pattern of 
one machine with another obtained from a machine with similar defects. If necessary, the 
frequency components of the major events in the waveform pattern can be calculated. 

Figure 4.10 shows a waveform collected from a pump with a predominantly lx lpm 
waveform on which a high-frequency wave is superimposed. 

Figure 4.11 shows a waveform collected from the NDE of double suction ID fan of a 
boiler. It had harmonics of the fundamental frequency. Note that average positive 
amplitude is slightly less than the average bottom amplitude. There are also seven 
countable peaks in the bottom half (or seven cycles) measured in duration of 400 ms. This 
equals 1050 cycles per minute, and corresponds to the speed of the fan. 




Signal processing, applications and representations 65 




Figure 4.10 

Time waveform example 




Figure 4.11 

Time waveform example 

Figure 4.12 shows a special waveform describing a phenomenon called beats. Two 
waveforms having frequencies separated only slightly (less than 30 Hz or so) and with 
approximately the same amplitude will produce a beating waveform. These are literally pulses 
due to alternating reinforcement and cancellation of amplitudes. The amplitude change is 
called the modulation and has a frequency equal to the difference between the frequencies of 
the two waveforms. If the difference decreases, the beat frequency will also decrease. 

Beating waveforms are common at centrifuges that have bowl or scroll at marginally 
different speeds, and it is very normal to obtain the beat frequency if there is some 
unbalance in each. In some cases, it might be possible to time the beats to determine the 
difference between the bowl and scroll speeds. 

This phenomenon also occurs in motors that have electrical defects. These defects tend 
to generate a vibration frequency of twice the transmission power line frequency. If the 
line frequency is 50 Hz (3000 cpm), the defect frequency would be 6000 cpm. Now, if the 
motor’s physical speed were 2980 rpm, then its second harmonic would be 5960 cpm. 
Thus, the two waveforms of 6000 and 5960 cpm will generate beats and modulation of 
amplitude. 
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Beat frequency = f 2 -U = 10 Hz period 



Figure 4.12 

Waveform - beats 

Areas where the time waveform can provide additional information to that obtained 
from FFTs are: 

• Low-speed applications (less than 100 rpm) 

• Indication of true amplitude in situations where impacts occur, such as 
assessment of the severity of defects in rolling element bearings and gears 

• Looseness 

• Rubs 

• Beats. 

In the case of defects such as unbalance or misalignment, where the time waveform is 
not too complex, it will not be an advantage to the time waveform for diagnosis. 
Investigating the FFT amplitude and phase is a better technique. 

When a time waveform analysis is carried out on an analyzer, there are a number of 
parameters that must be set. It is important to have the correct settings to obtain a good 
snapshot of the amplitude of the vibration. These parameters are: 

• Unit of measurement 

• Time period sampled 

• Resolution 

• Averaging 

• Windows. 

4.2.1 Unit of measurement 

This refers to the characteristic of vibration of interest, namely displacement in microns 
(settings are possible for high and low frequencies, defined as jiFI and jiL), velocity in 
mm/s-pk or acceleration in g. The selection criteria for the units of measurement were 
discussed earlier in topic 2 under - Displacement, Velocity, and Acceleration - Which 
should be used? It is generally recommended that the natural unit of the transducer be 
used to display the time waveform. 

Thus, if a displacement plot is required, a displacement transducer should be used. In 
most instances with current commercial data collectors, this would mean that acceleration 
would be the unit of choice. If data were gathered from non-contact probes on sleeve- 
bearing machines, displacement is usually used. 




Signal processing, applications and representations 67 



4.2.2 Time period of sample 

To obtain a usable time waveform for analysis work, the instrument should be set to 
measure 5-10 cycles of the vibration wave or rotations of the machine being measured. 
This information is also provided in the Help function of some analyzers, which would 
provide something similar to the table below. The total sample period desired can be 
calculated by this formula: 

Total sample period (ms) = 60000 x number of revolutions desired/rpm 



Machine rpm 


Time Period for 
5 Revolutions (ms) 


Time Period for 
10 Revolutions (ms) 


2900 


103 


206 


1480 


203 


406 


985 


305 


608 


3600 


83 


167 


1800 


167 


333 


1200 


250 


500 



4.2.3 Resolution 

For time waveform analysis, it is recommended that 1600 lines (4096 samples) be used. This 
ensures that the collected data have sufficient accuracy and key events are captured. Other 
sampling rates that are normally available are 256, 5 12, 1024, 2048, 4096 and 8 192. 

4.2.4 Averaging 

In most data collectors, averaging is done during the FFT calculation process. If the 
synchronous time averaging function is not invoked, the time waveform presented on the 
screen will be the last one measured even if multiple averages were selected in the analyzer 
setup. It is therefore normal to take a single average when analysing time waveforms. 
Overlap averaging should be disabled. 

Synchronous time averaging can be used to synchronize data acquisition with respect to 
a particular rotating component. This can be useful when monitoring gearboxes, for 
instance to locate a defective tooth relative to a reference mark. It is also useful on 
reciprocating equipment to ‘time’ events with reference to a particular crank angle. 

4.2.5 Windows 

As explained in a previous section, various windowing functions can be used to minimize 
leakage errors while performing the FFT. Some instruments can apply these windows to 
the time waveform data as well. This would force the data to zero at the start and end of 
the time sample, and thus some information is lost in the waveform. To eliminate this 
effect, a uniform or rectangular window should be used. 

4.3 Phase signal analysis 

Phase signal analysis provides further insight into machine diagnostics in conjunction 
with the information initially provided by the FFT. For example, the FFT spectrums of an 
unbalanced and a bent shaft may seem alike. To resolve the problem further, phase 
analysis is employed. Phase analysis is further used for orbital analysis, rotor balancing, 
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measuring speed and can also aid in the analysis of variable speed machines. Analyzers 
employ phase analysis to aid diagnostics with the following methods: 

• Order analysis/tracking mode 

• Orbits 

• Resonance identification 

• Modal analysis (MA) 

• Operational deflection shape (ODS) analysis. 

In order analysis, both phase and amplitude are obtained. Order analysis requires an 
external trigger, which synchronizes both the zero time sample in the time domain buffer 
and the sample clock such that the lx component is always the first order. Tracking filter 
phase errors are canceled out by firmware corrections of the analyzer. Although most 
phase analyses are performed at lx rpm, it is not restricted to lx rpm. Phase at 2x, 3x or 
any other frequency can also be measured. It should hence be emphasized that phase 
analysis is nothing more than looking at the relative movement of different parts of the 
machine at a given frequency, and is not restricted to a specific frequency. 

The purpose of order analysis is to lock the display to the rotational speed of the machine 
under test, so that if mnning speed varies, the ordered components remain in the same 
position of the display. Thus, the lx component will not shift when the rpm changes. A phase 
vs orders display is given, which provides phase relationships with respect to the bigger. 

Order tracking is primarily used for carrying out vibration analysis of variable speed 
machines. The method provides data in the orders domain instead of the time domain. 
Thus, the A-axis of the graph of overall vibrations is not amplitude vs time but amplitude 
vs orders of rpm (e.g. 10 orders = lOx = lOx rpm). In the orders spectrum, signals that are 
periodic with shaft revolution appear as peaks and harmonics of shaft rpm remain fixed 
even if the shaft speed changes. Consequently, spectrum analysis for variable speeds is 
only possible with the order tracking method. However, this is only possible with the help 
of an external trigger like a photocell or keyphasor. 

In the tracking mode, the trigger not only synchronizes the zero time domain signal but 
also adjusts the sample clock (as per Nyquist’s theorem, the sampling rate has to be at 
least twice the maximum frequency) to a typical factor of 2.56 of the maximum orders 
that were selected by the user. Some analyzers allow tracking up to 20x lpm. This ensures 
that the phase measurements are automatically bin-centered and the accuracy is further 
enhanced by compensating for the phase error contributions of the backing filter. 
A typical order backing analyzer display would look like: 



Tracking Filter 


Test Point: 






Units 


Velocity - peak 


Speed 


2900 cpm 


Overall 


3.9 mm/s 


1 X 


2 x 


Magnitude =1.2 mm/s 


Magnitude = 0.6 mm/s 


Phase = 39° 


Phase = 81° 



Applications for the tracking mode often relate to balancing in order to calculate the 
influence coefficients (machine-specific information that helps avoid trial runs during 
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4.4 

4.4.1 



balancing). The balancing program calculates machine coefficients by applying known 
trial weights to balancing plane(s). The system’s response to a trial weight is obtained by 
the vector difference between the data from the reference run and the data from the trial 
run. Once the program calculates the influence coefficients, it is possible to estimate 
correction weights or trim weights without further trial runs. 

Another application is to ascertain misalignment in machines. Two accelerometers are 
placed in axial directions on either side of the coupling. The tracking mode can determine 
if there is a 180° phase shift that is occurring due to the misalignment defect. The other 
applications such as orbits, resonance identification, modal analysis and operational 
deflection shapes are discussed in detail later. 



Special signal processes 

Synchronous time averaging 

Synchronous time averaging is an analysis technique used in locating sources that 
may be responsible for exciting vibration. This technique collects time waveforms 
synchronized to a lx ‘marker’ pulse. These synchronous time waveforms are then 
averaged in the time domain, and the resultant frequency spectrum of this averaged 
waveform is displayed. Synchronous time averaging is used to measure vibrations 
directly and harmonically related to the turning speed of a specific component 
or shaft. 

Synchronous time averaging is often used when there are more than one shaft on a 
machine that are turning at different speeds, or if there are several machines in close 
proximity to each other. It is possible to use synchronous time averaging to remove the 
vibrations of non-synchronous components from the signal, so that only the vibration 
from the reference shaft is recorded. 

Synchronous averaging requires a tachometer or any other device to provide a lx pulse. 
These pulses are used to start data acquisition in synchronisation with the reference shaft 
rotation. The shaft on which the tachometer is located is the reference shaft. All the 
machine vibrations are recorded during each data acquisition window. The frequencies 
not synchronously related to the speed of the reference shaft are effectively removed from 
the signal through averaging. 

Rotor-related vibration problems such as imbalance, misalignment, rotor looseness and 
rubs are retained in the spectrum display provided by synchronous time averaging. 
Defects not synchronous with the rotating shaft such as bearing faults, cavitation, 
electrical noise and resonance produce non-synchronous frequencies that are effectively 
averaged out of the spectrum. In this way, synchronous time averaging is an effective 
diagnostic tool for isolating specific faults. 

Synchronous time averaging displays peaks synchronously related to the reference 
shaft. Since synchronous time averaging is an averaging technique, a number of averages 
may be required to remove non-synchronous peaks. It is important to know that 
synchronous time averaging takes many averages to allow non-synchronous peaks to 
average out of the spectrum. At times, 100-1000 averages are needed to identify vibration 
components related to the reference shaft. 

Synchronous time averaging can be performed using an analyzer to display the 
synchronous peaks related to the reference rotor. As an example, consider the belt-driven 
fan illustrated in Figure 4.13. As shown in the illustration, the machine consists of two 
parallel belts connected to shafts turning at different speeds. Both the motor and the fan 
shafts are closely tied to the same support frame. 
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• Belt frequency 

• Motor, lx rpm 

• Fan shaft, lx rpm 

• Motor, 4x rpm or electrical? 



685 cpm 
1485 cpm 
1000 cpm 
5964 cpm. 




OK Bell fan motor 3K Frequency-CPM 6K 



Figure 4.13 

Normal FFT spectrum 

Synchronous time averaging was used to identify the vibration originating from each 
shaft. Figure 4.14 shows the synchronous time averaged signature using a trigger on the 
motor shaft. The vibration components originating from the motor shaft are all that 
remain after synchronous time averaging. 




OK Belt fan motor 3K Frequency-CPM 6K 



Figure 4.14 

Synchronized time-averaged spectra with trigger on motor shaft - note the drop in amplitude of other 
frequencies not synchronous with the motor 
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Figure 4.15 is the spectrum originating from synchronous time averaging on the fan 
shaft. Again, all vibration components have been averaged out of the spectrum except 
those originating from the fan shaft. It is interesting to note that two specific frequencies 
averaged out of both synchronous time-averaged spectrums. The belt frequency, 685 cpm 
was averaged out because it was not synchronous with either shaft. The 5964-cpm peak 
also averaged out of both spectra. 
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Figure 4.15 

Synchronous time-averaged spectra with trigger on fan shaft 

The 5964-cpm peak could have been confused with 4x the motor speed. Had this been 
the case, the peak would not have averaged out of the synchronous time-averaging 
spectrum. Since 5964-cpm peak did average out, it can be concluded that the cause is 
non-synchronous and could be an electrical problem in the motor stator winding. 

4.4.2 Orbits 

Orbits are Lissajous patterns of time domain signals that are simultaneously plotted in the 
X-Y coordinate plane of an oscilloscope or vibration analyzer. In this form of display, it 
is very difficult to trace the start of the orbit as it appears to be an endless loop. In order 
for us to determine the direction of rotation, a phase trigger is employed. The trigger will 
show the direction of rotation by looking at the dot on the orbit as the stalling point of 
lx rpm and the blank space as the end point. 

Orbit analysis is the vibration measure of any rotor system in an X-Y plot 
(Figure 4.16). In most applications, the unit of measurement is displacement which is 
measured directly using proximity probes. These types of measurements are relative 
vibration readings. Relative readings are considered vibration measurements of the shaft 
with respect to the bearing housing. As the probes are clamped firmly to the housing, 
there is no relative motion between the probe and the housing. Thus, the orbit is achieved. 
With that in mind, orbit plots give a visual graph of the actual shaft centerline movement 
inside the bearing housing. 

Accelerometers and velocity pickups can also be used to create orbits. These are 
external transducers, which require mounting on the outside of the bearing housing. 
These types of measurements are called case orbits. Case orbits are useful to separate 
shaft and case vibrations. This can provide absolute shaft motion (relative to space). 
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Figure 4.16 

Orbit analysis 

To understand orbits, waveforms and their relationship to orbits must be explained. Let 
us begin with waveforms. The waveform plot shown in Figure 4.17 has two sine waves, 
Y and X. The Y plot is on the top and the X plot is at the bottom. The waveform signature 
runs left to right and the amplitudes change from negative to positive, whatever the case 
may be. The changes in the waveform cause the orbit to form. An orbit is made up of an 
X- and K-axis with zero in the center. Starting from the center, up is positive and down is 
negative. Right is positive and left is negative. Now that we know waveform and orbit 
conventions, let us trace the waveforms and create an orbit. 

TIME WAVEFORMS ORBIT 




Figure 4.17 

Waveforms and its relationship to orbits 

If the Y waveform were to be traced, we can see it starts at point 1 where its amplitude 
is a maximum of say a unit of 25 microns, and goes to zero at point 2. It reaches 
-25 microns at point 3, zero again at point 4 and finally +25 microns at point 5. This 
cycle continues up and down. If this trace existed alone, it would describe a straight line 
from +25 microns to -25 microns. 

The X waveform starts with zero amplitude at point 1, which happens to be 90° behind Y. 
Here, the X waveform travels through the 5 points with maximum amplitude of 50 microns, 
for instance. The X waveform alone would produce a horizontal line from +50 microns 
to -50 microns. Now consider both the waveforms as they move through time. This will 
combine the X and Y point in the orbit to complete the ellipse. 

To visualize the orbit, look at the plot and notice that the Y is at maximum amplitude when 
X is zero. At point 1, the Y waveform is at maximum amplitude and the X waveform is zero. 
As we move to point 2, which is 90° to the right, the orbit X is at maximum amplitude at 
+50 microns when Y is zero. At point 3, again 90° to the right, the X waveform is zero and 
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the Y waveform is at -25 microns. At point 4, a further 90°, the X waveform reaches 
-50 microns but now the Y waveform is zero. Point 5 is the same as point 1 . 

The orbit will change as the amplitude and phase angles change in the waveforms. As 
mentioned earlier, the dot on the orbit signifies the start of the wave and the blank space denotes 
the end. In this example of an orbit, as we moved from left to right, points 1-5 on the orbit move 
in a counter-clockwise direction, following the convention. If the shaft rotation also happens to 
be moving in a clockwise direction as it traversed from the Y probe to the X probe, the orbit 
would be considered to be in forward precession, otherwise it would be in reverse precession . 



Bode plot 

A Bode plot comprises of two graphs: 

• Amplitude vs machine speed 

• Phase vs machine speed. 

To display a Bode plot, a phase trigger is used to obtain a shaft reference for phase 
measurement and measure the machine speed. The analyzer triggers and records the 
amplitude and phase simultaneously at specific speed intervals (which can be defined by 
the user), and the two graphs are displayed on top of each other. 

In rotordynamics, the Bode plot is mainly used to determine the critical speed of the 
rotor. In the plot, the speed at which amplitude of vibration is maximum is noted, and for 
confirmation the phase graph is checked to see if it differs from the stalling value by 90° 
(Figure 4.18). 





Figure 4.18 

Bode plot showing ‘critical speed’ of rotor at approximately 4400 rpm. Note that at this speed, amplitude is 
a maximum at 35 microns. The phase, which at 2900 rpm was 45°, is 135° at 4400 rpm indicating a 
difference of 90° 
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The Bode plot can also be used to determine the amount of runout associated with a 
proximity probe, the balance condition, system damping and the operational phase angle 
cum amplitude at various machine speeds. 

Polar/Nyquist plot 

The polar or Nyquist plot is also a representation of the same three variables as 
considered in a Bode plot. The variables are plotted on a single circular chart instead of 
Cartesian axes (Figure 4.19). 



Polar / Nyquist Plot 
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Figure 4.19 

A Nyquist plot indicating critical speed of a rotor (resonance) at approximately 5000 rpm 

The center of the plot represents zero speed and zero amplitude with subsequent 
amplitude and phase angle measurements plotted with their associated machine speed. 
It is like tracing the tip of the vibration vector (locus of vector tip) as the machine speed 
increases to full speed. Phase angle measurements are plotted around the circumference 
of the chart, against machine rotation direction. Polar plots are always filtered to machine 
running speed or some multiple of the machine speed, depending upon the fault being 
investigated. 

Machine critical speeds are displayed as loops, with the critical speed situated 90° from 
the start of the loop. This characteristic makes identification of resonance and critical 
speeds easy. The information obtained with the use of a Bode plot is possible with the 
polar plot too. As can be seen, the Bode and polar/Nyquist plots are the same except in 
the manner of their presentation. 

Cascade plot 

A cascade plot (Figure 4.20) is a representation of three parameters: amplitude, frequency 
and machine speeds. An FFT plot of amplitude vs frequency is recorded at specific 
machine speed intervals (selected by the user). After collection of all the FFTs, they are 
cascaded one after another in a form similar to a waterfall plot. 
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Figure 4.20 

Cascade plot 

It is important to note that a waterfall plot is the FFT of the same location collected at 
different time intervals. Waterfall plots are of a machine running at the same speed. 
A cascade plot, however, is a collection of FFTs at different machine speeds and is taken 
during transition of a machine speed, for instance during a start-up or a coastdown 
(shutdown). In the cascade plot, orders (l/2x, lx or higher) are displayed in the form of a line. 

It is evident that a cascade plot is a tool for transient analysis, which forms an essential 
diagnosis tool for critical machinery. The Bode and Nyquist plots also belong to this 
group of transient analysis tools. 

Full spectrum 

The full spectrum is an additional diagnostic tool and is also called the spectrum of an 
orbit. It shows the same information as an orbit but in a different format. It helps to 
determine the degree of ellipticity (or flattening) associated with the various machinery 
conditions along with the precessional direction for all the frequency components present. 

To obtain the full spectrum, the orthogonal X and Y transducer signals are fed into the 
direct and quadrature parts of the FFT input. The positive and negative vibration 
components for each frequency are obtained. Positive is defined to be the forward 
precession and the negative component as the reverse precession. These components 
yield the following ellipticity and precessional information for a given orbit of any 
particular frequency (lx or 2x or . . .): 

• The sum of two components, forward and reverse, is the length of the orbit 
major axis. 

• The difference between the two components is the length of the orbit minor 
axis. 

• The larger of the two components, positive or negative, determines the 
direction of precession that is forward or reverse. 

One of the possible applications of full spectrum is analysis of the rotor runout caused 
by mechanical, electrical or magnetic irregularities. Depending on the periodicity of such 
irregularities observed by the X-Y proximity probes, different combinations of forward 





76 Practical Machinery Vibration Analysis and Predictive Maintenance 



and reverse components are observed. The method forms the basis for many useful 
machinery diagnostics. 

The full spectrum (just like the normal FFT) can be obtained in a steady-state analysis 
(a single FFT or waterfall) and even in transient analysis, which would then be called the 
full spectrum cascade (Figure 4.21). 
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Figure 4.21 

A steady-state single full spectrum 

4.4.3 Operational deflection shapes analysis 

Operational deflection shape (ODS) analysis (Figure 4.22) is a technique for visualisation 
of vibratory movement of a machine under its operating conditions. This method is really 
helpful to track down the root cause of defects, or show the machine behavior to persons 
who are not familiar with vibration analysis. 




Animations as displaced by using 
operating deflection shapes (ODS) analysis 



Figure 4.22 

ODS analysis 

In this method, a picture of the vibratory motion of the machine is constructed by 
measuring the vibration and phase data of various locations on the machine. The relative 
amplitude and phase information of the various positions is measured and these data are 
given to a host computer that has special software to simulate the response data. The end 
result is an actual, but highly exaggerated picture of the motion of the different locations 
on the machine. 

ODS analysis is the term used for this visualisation technique. It relies on the machine’s 
actual vibratory movement while operating to provide information. For this reason, it is 
relatively a straightforward technique to apply and does not rely on approximate models 
of loads and structures. The data should be collected with the machine operating as it is. 
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ODS analysis is possible with a single channel analyzer with a synchronous once per 
revolution reference pulse. However, ODS is best performed by using a dual channel 
analyzer. An advantage is that no shutdowns of machines are required to perform an ODS 
analysis. 

ODS visualisation software packages for animating the machine movement are 
commercially available, and are usually dedicated to the task. However, an existing 
standard modal analysis software package can also be used. This does not imply that a 
modal analysis must be carried out, only that the ODS is substituted for a computed mode 
shape for the puipose of animation. Software is particularly useful when there are many 
monitoring positions on the machine. 



ODS vs modal analysis 

It must be emphasized that ODS differs from modal analysis (MA). The major 
differences are listed below: 

• Modal analysis is commonly used for evaluating structural designs and 
investigating design modifications before structural changes are made. 

The ODS is used to analyze and solve complex operational machinery 
problems, by providing an animation of its motion. 

• Modal analysis requires specially controlled and measured loads to be applied 
to the machine structure, preferably while it is not operating, and then uses the 
vibration measurements to calculate the structure’s dynamic behavior. Using 
this information, MA creates a mathematical model of mass, stiffness and 
damping characteristics of the structure and determines its mode shapes at its 
natural frequencies. These properties are independent of the operating 
conditions of the structure. 

The ODS, on the other hand, is quite simple and relies totally on the actual 
operating loads of the machine to excite vibration. The vibration measurements 
then provide a visualisation of the vibratory movement under operating 
conditions. With different loading or operating conditions, different deflection 
shapes will occur. 

Measurements for ODS are collected at specific frequencies (lx, 2x or any other 
frequency) using a vibration spectrum analysis to determine the amplitude at the 
frequencies at which the ODS is to be constructed. One measurement location is 
identified as a reference position and the relative vibration levels and phases at the chosen 
frequency are measured at all other locations using a roving sensor. 

The relative amplitude and phase values are sufficient, and absolute values are of no 
consequence. If required, absolute values could always be indexed with a fixed position. 
Including the total effect of multiple frequencies, synchronous or asynchronous, or perhaps 
all frequencies below a certain cut-off, can accommodate more complex vibration shapes, 
although the latter is less common. Vibration normally occurs in all directions and ODS 
analysis can be conducted for 2 or 3 directions of the movement if desired. 



ODS with single channel analyzers 

As stated above, provided there is a synchronous reference pulse available to trigger the 
analyzer’s data acquisition, many single channel analyzers and some data collectors can 
measure the magnitude and phase of synchronous vibrations (Figure 4.23). 
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Figure 4.23 

ODS with single channel analyzers 



Relative magnitude is calculated by dividing the measured magnitude at each location 
by the magnitude of the vibration at the reference position. The phase measured in this 
case is the phase with respect to the trigger. Relative phase is the difference between the 
phase with respect to the trigger at a given location and the phase with respect to trigger 
at the reference location. 

ODS with multi-channel analyzers 

There is no need for triggered measurements when using a multi-channel analyzer, 
because the relative amplitude and phase can be measured directly and accurately using 
the transfer function between the two channels (Figure 4.24). 




Figure 4.24 

ODS with multi-channel analysers 



A simple approach is to make cross-channel measurements between the vibration at the 
reference location and the vibration at every other location in turn. The frequency 
component to be used may be selected from a cross-spectrum magnitude plot. 
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The relative magnitude and phase follow from the transfer function plot of the reference 
location to the current location. 

Some of the new terminology mentioned here will be explained in the following topics. 

Cross-spectrum 

A cross-spectrum is basically a comparison between the signals from two points of 
interest on a machine. It essentially consists of two graphs of: 

• Amplitude vs frequency 

• Phase vs frequency. 

The amplitude vs frequency plot shows the relationship between the magnitudes of the 
two signals. For instance, if at 1450 cpm both signals have visible peaks, it will also be 
seen on the cross-spectrum at 1450 cpm. If only one signal had a 1450-cpm peak, it will 
not show in the cross-spectrum. 

The phase vs frequency is a plot of the phase difference between the two signals as a 
function of frequency. The terminology used for a cross-channel spectrum with two input 
channels labeled A and B is either: 

• The cross-spectrum from A to B 

• The cross-spectrum from B to A. 

This depends on whether we want to relate the phase of channel B to channel A, or the 
phase of channel A to channel B, respectively. 

The magnitudes in each case will be the same, but the phase difference will have 
opposite signs. The magnitude of the cross-spectrum is the product of the magnitudes of 
the two instantaneous spectra. The phase is the difference between the phase of channel B 
and channel A. Thus, if two signals have identical amplitude and phase at a particular 
frequency, the cross-spectrum magnitude will be equal to the power spectrum of the 
signal (mean square amplitude spectrum, not the rms). The phase at that particular 
frequency in the cross-spectrum will be zero. 

Frequency response function (FRF) 

The frequency response function (FRF) for a system describes the relationship between 
input and output of the system as a function of frequency, where the input is usually force 
and the output acceleration. The FRF gives the magnitude of the output per unit of input 
and relative phase between output and input, as a function of frequency. The FRF 
describes a cause-and-effect relationship. 

Transfer response function (TRF) 

The transfer response function (TRF) compares two outputs of a system related to a 
common input. The outputs are usually acceleration. The TRF gives the magnitude of the 
two outputs and the relative phase between them. There is not necessarily a cause-effect 
relationship between the outputs. 

Coherence 

The coherence function, or coherence (or sometimes called coherency) is a measure of the 
degree of linear relationship between two signals as a function of frequency. In other words, 
coherence is an indication of the linearity of a system at any frequency. It has a similar role 
in frequency domain analysis to the correlation coefficient in statistical analysis. 




